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ABSTRACT 

A unique r e s e a r ch  t o o l ,  c a l l e d  Watershed Exper imenta t ion  System 
(WS), h a s  been des igned  and b u i l t  i n  the  Department of  C i v i l  Engineer ing  of  
t h e  Un i v e r s i t y  of I l l i n o i s  a t  Urbana-Champaign. The primary ob j e c t i v e  o f  
WES i s  t o  p rov ide  an equipment capab l e  o f  performing r e l i a b l y  cont ro lPed  
exper iments  on wate rsheds  of  v a r i ou s  mag o r  hyd rome teo ro log i ca l  and physio- 
g r aph i c  c h a r a c t e r i s t i c s  i n  o r d e r  t o  s t udy  t h e  b a s i c  l a w s  governing t h e  f l ow  
of w a t e r  ove r  d r a inage  b a s i n s .  The WES i s  developed based  on systems 
concept  i n t e g r a t i n g  h y d r a u l i c ,  e l e c t r o n i c ,  pneumatic ,  s t r u c t u r a l ,  and chemi- 
c a l  components. It c o n s i s t s  of a 40 f t  by 40 f t  l a b o r a t o r y  d r a inage  b a s i n  
w i th  i t s  l o n g i t u d i n a l  and l a t e r a l  s l o p e s  i ndependen t ly  ad ju s  t a b l e  and 
w i t h i n  i t  watersheds  of  d i f f e r e n t  shape ,  s i z e ,  s l o p e ,  s u r f a c e  roughness ,  
and d r a i n age  p a t t e r n  can b e  t e s t e d .  The a r t i f i c i a l  r a i n f a l l  i s  produced by 
100 i n d i v i d u a l l y  c o n t r o l l e d  r a i nd r op  modules each cove r ing  an a r e a  of 4 ft 
by 4 ft. Each module c o n s i s t s  o f  f o u r  i d e n t i c a l  2  f t  by 2 f t  p l e x i g l a s s  
- - - . - j . - - -_  ---J----._- t ----- L - l _ _ . - - - - - -L - - - .c----
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Assembly (EDVA) and producing 2304 drops from 0.023-in.  I.D. po lye thy l ene  
t ub ings  i n s e r t e d  t o  t h e  bot tom of  t h e  p l e x i g i a s s  boxes .  Each EDVA has f o u r  
s o l e n o i d  va lve -con t ro l l ed  independent  f low passages  of  d i f f e r e n t  d i s cha rges  t o  
produce 15 d i f f e r e n t  i n t e n s i t i e s  o f  r a i n f a l l  r ang ing  from 0.75 t o  15 i n .  /h r  
of d e s i r e d  du r a t i on s .  S ince  each EDVA can be  c o n t r o l l e d  independent ly ,  
r a i n s t o m s  of va ry ing  tempora l  and a r e a l  d i s t r i b u t i o n s ,  p a r t i c u l a r l y  moving 
r a i n s  t o m s  and r a i n s  t o m  w i t h  nonuniform i n t e n s i t y  d i s  tacibut ions  can b e  
gene ra t ed  and t e s t e d  under c o n t r o l l e d  cond i t i ons  i n  WES, The runoff  from 
t h e  wa te r shed  is  c o l l e c t e d  i n  a s t o r a g e  tank  and t h e  d i s ch a r g e  i s  measured 
by a p a i r  of s ona r  depth s en so r s  as w e l l  a s  by a Cons tan t  Discharge  F l o a t i n g  
Siphon System. The wa t e r  i s  then  r e c i r c u l a t e d  back  t o  t h e  r a i nd r op  modules 
through a  p m p  and p i p e l i n e  system,  The c o n t r o l  of t h e  r a in s to rm i n  exper i -  
ments as w e l l  a s  the s ona r  data a c q u i s i t i o n  i s  made by us ing  a PDS 1020 
e l e c t r o n i c  d i g i t a l  computer t o g e t h e r  w i t h  an In t e r f ace -Con t ro l  Console and 
a power supp ly ,  For s t a t i o n a r y  r a i n s t o rms ,  manual c o n t r o l  i s  a l s o  p o s s i b l e ,  
Hydrau l i c  c o n t r o l  of t h e  f low i n  t h e  r e c i r c u l a t i n g  p i p e l i n e  t o  produce t h e  
d e s i r e d  expe r imen ta l  cond i t i ons  i s  accomplished w i t h  t h e  a i d  of a pneumatic 
c o n t r o l  system.  By us ing  t h e  PDS 1020 computer, expe r imen ta l  r e s u l t s  can 
be p r i n t e d  o u t  a s  r a i n f a l l  hye tographs  and runof f  hydrographs.  The WES is in -
tended t o  produce r e s u l t s  t o  v e r i f y  t h e  t h e o r e t i c a l  wate rshed  hydrodynamic 
modeling development a t  t h e  Department of  Civ i l  Engineering of t h e  University 
of I l l i n o i s ,  t o  e v a l u a t e  t h e  r e l a t i v e  m e r i t s  of various o t h e r  t h e o r e t i c a l  
o r  a n a l y t i c a l  wate rshed  runoff  models,  and t o  p rov ide  in£ormation and 
g u i d e l i n e s  i n  app ly ing  t h e  v a r i ou s  mathema.tica1 models and expe r imen ta l  
n 

resu- l ts  t o  a c t u a l  p ro to type  wate rsheds .  
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I 
tank cons t ruc ted  of s t e e l  p l a t e s .  The r a i n f a l l  was supp l i ed  t o  t h e  model 
t o  s imu l a t e  a r a i n s  t o m ,  However, t h e  s i z e  of t h i s  model was t oo  smal l  
a s ~ dno t  many experiments were made, Consequently, based on cursory measure- 
ments t h a t  were made ava i l ab l e ,  n o  s i g n i f i c a n t  conclusions can b e  derived 
from this s tudy ,  
Amorocho and Orlob (1961) b u i l t  a 3.9-in. wide 3.9-ft  long flume- 
type  b a s i n  t o  s tudy  t h e  non l inea r  r e l a t i o n s h i p  between r a i n f a l l  and runoff .  
The b a s i n  was cons t ruc ted  of galvanized s h e e t  meta l  covered by a 0.4-in. 
t h i ck  l a y e r  of g r ave l .  The ra indrops  of t h e i r  experiments were produced
, 
by two sp r ay  nozzles  and screened through i n t e r c e p t o r  s c reens  i n  o rde r  t o  
approximate uniform s p a t i a l  d i s t r i b u t i o n  of r a i n f a l l ,  The du ra t ion  was 
con t r o l l ed  by ad j u s t i ng  a ra indrop  i n t e r c e p t o r ,  which was a l so  used t o  
s imula t e  moving rainstorms . Woo and Bra te r  (1962) a l s o  used a flume- type 
b a s i n  w i t h  nozzle-generated r a i n f a l l  t o  s tudy  the  hyd r au l i c  r e s i s t a n c e  t o  
1steady s p a t i a l l y  v a r i ed  flow 
In view of the l im i t a t i o n s  i n  s i z e ,  v e r s a t i l i t y  and experimental  
accuracy of t h e  aforementioned watershed models and t h e  l im i t ed  scope of 
t hose  i n v e s t i g a t i o n s ,  i t  was decided t h a t  a  more v e r s a t i l e  watershed experi- 
mentat ion sy s  tern was t o  be b u i l t  i n  t h e  Department of C i v i l  Engineering of 
t h e  Un ive r s i ty  of I l l i n o i s .  This Watershed Experimentation Systern (WES) was 
t o  be  developed on t h e  b a s i s  of systems engineering concepts i n t e g r a t i n g  
hydrau l i c ,  pneumatic,  e l e c t r o n i c ,  and s t r u c t u r a l  components i n t o  i t s  design 
and con s t r u c t i on  such t h a t  each of t h e  various major hydrometeorologic and 
physiographic f a c t o r s  can be  con t r o l l ed  independently and t h e i r  i nd i v i dua l  
e f f e c t s  on t h e  input-output  ( r a i n f a l l - r uno f f )  r e l a t i o n s h i p  can be  properly 
i nve s t i g a t ed .  It i s  expected t h a t  t h e  r e s u l t s  obta ined  f rom t h e  WES will 
no t  only  enhance t h e  knowledge of t h e  s c i ence  of watershed hydrology but  
a l s o  be use£ u l  f o r  engineering purposes. 
During t h e  pe r iod  of development of t h e  WES a t  t h e  Univers i ty  of 
I l l i n o i s ,  two watershed models were b u i l t  elsewhere; one by Chery 
(1965, 1966) a t  t h e  Utah S t a t e  Univers i ty  and t h e  other by Grace and 
Eagleson (1965, 1967) a t  NIT. Chery (1965) used f i b e r g l a s s  t o  bu i l d  a 
s c a l e  model of a 97.2-acre watershed i n  New Mexico by a 90 ft by 22  ft model 
bas in .  The o t he r  by Grace and Eagleson (1965, 1967)  was made of p l a s t i c  
latex-cement f o r  a l : 70  s c a l e  model of t h e  0.40-acre Johns Hopkins Un ive r s i ty  
South Park ing  Lot No. 1 t o  v e r i f y  t h e  s im i l a r i t y  c r i t e r i a  i n  watershed 
modeling (Grace and Eagleson, 1966) 
I n  r ecen t  y e a r s ,  s e v e r a l  l abora to ry  watersheds were developed 
around t h e  world, inc luding  those  by Hal1 and Wolf (1967) a t  t h e  Imper ia l  
Coiiege of Science and Technology i n  London, by Nemec and Moudry (1967)  
a t  Prague Ag r i cu l t u r a l  Un ive r s i ty ,  by Zimont and Suprunov i n  USSR (1969), 
by Black (1990) a t  S t a t e  Univers i ty  of New York i n  Syracuse, the l -acre  
outdoor watershed by Yevjevich a t  Colorado S t a t e  Un ive r s i ty ,  and the  
indoor watershed at the  D i s a s t e r  Prevention Research I n s t i t u t e  of Kyoto 
Univers i ty  i n  Japan. 
The i d e a  of t h e  WES was f i r s t  conceived by V. T, Chow i n  the  
e a r l y  1950 ' s .  Its r e a l i z a t i o n  became a major p a r t  of t h e  o v e r a l l  research  
program on watershed hydrodynamics \?hich has been d i r e c t ed  by Chow and 
supported s i n c e  1963 by t h e  Nat ional  Science Foundation g ran t s :  GP-1464, 
GK-1155, GK-11292 and GK-40867. The main purpose of the  r e sea rch  i s  t o  
i n v e s t i g a t e  t h e  b a s i c  mechanics of flow of s u r f a c e  water  on a r t i f i c i a l  
dra inage  ba s i n s  by con t r o l l ed  experirnen ts and hydrodynamic ana lys i s .  For 
the  e n t i r e  p r o j e c t ,  the  NSF g ran t s  have supported n o t  only t h e  construc-
t i o n  of the WES b u t  a l s o  t h e  development of experimental  information and 
t h e o r e t i c a l  models, and t h e  research  a c t i v i t i e s  of many graduate  and 
undergradua te  s t ud en t s ,  as w e l l  as s e v e r a l  f a c u l t y  members and t echn i c i ans .  
The e f f o r t s  and con t r i bu t i on s  of t h e s e  peop le  t o  t h e  s u c c e s s  of the r e sea rch  
must b e  h e a r t i l y  acknowledged. A s  a r e s u l t ,  s i x  d o c t o r a l  t h e s e s  d i r e c t l y  
r e l a t e d  t o  t h e  p r o j e c t  have been completed and many pape r s  and r e p o r t s  
were pub l i s h ed .  The p r o j e c t  was a l s o  approved by t h e  U,S. Nat iona l  
Committee f o r  t h e  I n t e r n a t i o n a l  Hydro log ica l  Decade as a United S t a t e s  
c o n t r i b u t i o n  t o  t h e  Decade. The p r e p a r a t i o n  of t h i s  r e p o r t  i s  mainly 
suppor t ed  by NSF g r an t s  GK-11292 and GK-40867. 
P l ann ing  and des ign ing  of  t h e  WES began i n  J une  9964, Construc-
t i o n  of the  i n s t rumen t s  covered a p e r i od  of approximately from January  
1965 t o  A p r i l  19 6 6 ,  The r e a f t e r ,  inlprovement , maintenance,  and r e p a i r i n g  
of t h e  WES cont inued  t o  t h e  p r e s e n t .  For t h e  c on s t r u c t i on  of  WES, s p e c i a l  
acknuwledgments should  b e  made t o  Mar sha l l  Boggio, Systems Engineer  of t h e  
E l e c t r o n i c  As soc i a t e s ,  I n c ,  , West Long Branch, New J e r s e y ,  who developed 
and s upe r v i s ed  manufacture  of t h e  e l e c t r o n i c  components of t h e  WES. 
From t h e  very  beg inn ing  of t h e  p r o j e c t  t o  June  1966,  Terence E. 
Harbaugh w a s  t h e  a s s i s t a n t  i n v e s t i g a t o r ,  a s s i s t i n g  c o n s t r u c t i o n  of t h e  WES, 
Then, D r .  B. C. Yen jo ined  t h e  r e s e a r ch  i n  a d d i t i o n  t o  many r e s e a r c h  a s s i s t a n t s  
who have  a l s o  e f f e c t i v e l y  p a r t i c i p a t e d  i n  t h e  p r o j e c t .  The work of t h e  fol low-
i n g  a s s i s t a n t s  should-  b e  p a r t i c u l a r l y  acknowledged: A. Ben Zvi ,  N. Marcus. 
A* R. Rao, and Y. Y. Shen* I n  a d d i t i o n ,  g r e a t  a p p r e c i a t i o n  shou ld  b e  given 
t o  G. H.  Lafenhagen, ~ n s t r um e n t  and Measurement Technic ian ;  V. J. McDonald, 
P r i n c i p a l  Research Engineer ;  and J. W. Miller, Phy s i c a l  Sc ience  S t a f f  
A s s i s t a n t  i n  t h e  Hydrosys terns Labora tory ,  Department of C i v i l  Engineer ing;  
who have  con t r i bu t ed  g r e a t l y  t o  t h e  maintenance,  r e p a i r i n g  and innova t ion  of  
t h e  WES. The w r i t e r s  a l s o  wish t o  thank M r s ,  Norma Bar ton  f o r  h e r  pa t i ence  
and c a r e  i n  t yp ing  t h i s  r e p o r t .  
11,  EXPERIMENTATION REQUIREMENTS AND SYSTEM DESIGN CRITERIA 
11-1. Factors  Affec t ing  Rainf all-Runof f Rela t ionship  
A watershed i s  de f ined  in. t h i s  s tudy as the dra inage  a r e a  upstream 
from t h e  o u t l e t  of s u r f a c e  runof f .  A l l  the  i npu t  water en t e r i n g  this d ra inage  
a r e a  w i l l  move toward t h i s  o u t l e t  p o i n t  except the p a r t  of water  s t o r ed  i n  
the  watershed and l o s t  by i n f i l t r a t i o n ,  evapo t ransp i r a t ion  and a r t i f i c i a l  
d ive r s ion .  
By considering t h e  watershed a s  a system, t h e  output  from t h e  system 
c on s i s t s  of s u r f a c e  r uno f f ,  i n f i l t r a t i o n ,  evapo t ransp i r a t ion ,  and a r t i f i c i a l  
d ive r s ion ,  i f  any. Conventional ly,  t h e  s u r f  ace runoff  i s  expressed i n  t h e  
form of  hydrograph. The i npu t  c o n s i s t s  of t h e  p r e c i p i t a t i o n ,  subsurf ace 
inf low i n t o  t h e  watershed, and a r t i f i c i a l  i npu t ,  i f  any. The watershed 
c h a r a c t e r i s t i c s  con t r o l  the t ransformat ion  s f  t h e  system i n pu t  i n t o  ou tpu t ,  
'1- - -- - L - -'-"- ' ---- "--In hydroiogy L r l r  W a L r L s u r u  S ~ ~ L ~isL o f t e nU t reated as a "black box", and 
consequently t h e  d e t a i l s  of t h e  t ransformat ion  processes  a r e  n o t  f u l l y  
understood. 
Phys ica l ly  t h e  f a c t o r s  a f f e c t i n g  t h e  temporal d i s t r i b u t i o n  of t h e  
n t s  
runoff  from a watershed due t o  r a i n f a l l  can be c l a s s i f i e d  i n t o  hydrometeor- 
ow-
o log i c  f a c t o r s  and physiographic f a c t o r s  (Chow, 1962). The hydrometeorological  
f a c t o r s  mainly inc lude  t h e  f a c t o r s  a£f e c t i n g  the phys i c a l  c h a r a c t e r i s t i c s  of 
the  p r e c i p i t a t i o n  and evapo t ransp i r a t ion .  The phys iographic  f a c t o r s  mainly 
inc lude  t h e  watershed geometr ic ,  topographic, and geologic  cha r a c t e r i s  t i c s ,  
land use and s u r f  ace i n f i l t r a t i o n  condi t ion ,  and s u r f  ace o r  subsurface 
water  i n pu t  such as  groundwater inf low.  
I n  t h e  most g ene r a l  ca se ,  t he  hydrometeorologic f a c t o r s  a f f e c t i n g  
the  r a i n f a l l  c h a r a c t e r i s t i c s  i n c l ude  n o t  only t h e  s i z e  spectrum and t h e  
t empora l  and s p a t i a l  d i s t r i b u t i o n s  of r a ind rops  b u t  a l s o  t ho s e  f a c t o r s  such 
as t empera tu r e  and ambient wind v e l o c i t y  which w i l l  a f f e c t  t h e  shape  and 
f a l l  v e l o c i t y  o f  t h e  r a ind rops  and t h e  behavior  of t h e  wa t e r  f lowing  on 
t h e  l a n d  s u r f  a ce ,  From t h e  hyd rodynmic  v iewpoin t ,  t h e  r a i n f a l l  i n p u t  i s  
most d e s i r a b l e  t o  be  exp re s sed  i n  terns of t h e  a r e a l  and temporal  d i s t r i b u -  
t i o n s  o f  t h e  mass, momentum, and energy i npu t s .  However, because  of  t h e  
v a r i a t i o n s  o f  t h e  s i z e  spectrum and the shape  and f a l l  v e l o c i t y  o f  r a ind rops ,  
such  a  r e p r e s e n t a t i o n  of n a t u r a l  r a i n f a l l  i s  imp r a c t i c a l ,  i f  n o t  imposs ib le .  
Gene ra l l y ,  i n  hydrology,  t h e s e  major  f a c t o r s  a f f e c t i n g  t h e  r a i n f a l l  charac-
terist ics can  b e  expressed  by i n t e n s i t y ,  d u r a t i on ,  un i fo rmi ty  i n  a r e a  
d i s t r i b u t i o n ,  r a ind rop  s i z e ,  ambient wind v e l o c i t y ,  and tempera ture .  
The i n t e n s i t y  of  r a i n f a l l  r e p r e s e n t s  t h e  t ime  r a t e  o f  m a s s  i n pu t .  
The un i f o rm i t y  i n d i c a t e s  t h e  a r e a l  d i s t r i b u t i o n  of t h e  i n p u t  i n t o  t h e  
system.  These two f a c t o r s  t o g e t h e r  w i t h  t h e  d u r a t i o n  a t  v a r i ou s  l o c a t i o n s  
of  t h e  wa te r shed  d e s c r i b e  s u f f i c i e n t l y  t h e  temporal  and a r e a l  d i s t r i b u t i o n s  
of the mass t r m a f e r  i n t o  the system. It s h ~ u l dbe  no t ed  t h s t  the dura t ion  
and un i f o rm i t y  of  r a i n f a l l  i n  a wate rshed  may be  r e p r e s en t ed  a l t e r n a t i v e l y  
i n  terms of  t h e  v e l o c i t i e s  o f  movement of t h e  f r o n t  and t h e  back end of t h e  
r a i n s  t o m .  
A s  t o  t h e  e f f e c t s  of the r a i nd r op  s i z e ,  ambient wind v e l o c i t y ,  
and t empera tu r e ,  t h e s e  t h r e e  f a c t o r s  t og e t h e r  a f f e c t  t h e  shape ,  s i z e ,  and 
f a l l  v e l o c i t y  o f  t h e  r a i nd r op s ,  and consequent ly  the momentum and energy 
i n p u t s  o f  t h e  r a i n f a l l .  Convent iona l ly ,  i n  hydrology,  t h e  e f f e c t s  due t o  
d i f f e r e n c e s  i n  momentum and energy i n p u t s  on s u r f  a ce  runo f f  are ignored .  
In f a c t ,  t h e  r e s u l t  of a r e c e n t  r e s e a r ch  (Wenzel, 1969) i n d i c a t e s  t h a t  
t h e  e f f e c t s  on s u r f a c e  runof f  due t o  d i f f e r e n c e s  i n  momentum and energy 
i n p u t s  on t h e  runof f  on a s o l i d  none rod ib l e  impervious s u r f a c e  i s  of 
minor impor tance  i n  comparison w i t h  t ho s e  due t o  mass i n p u t  d i f f e r e n c e s .  
The major f a c t o r s  a f f e c t i n g  t h e  e v a p o t r a n s p i r a t i o n  on a  wate rshed  
i n c l ude  tempera ture ,  humidi ty ,  a tmospher ic  p r e s s u r e ,  and wind v e l o c i t y  o f  
the ambient a i r ,  t h e  s u r f a c e  wa t e r  o r  s o i l  mo i s t u r e  c ond i t i on ,  and t h e  
v e g e t a t i o n  cond i t i on .  Although f o r  a long p e r i od  t h e  e v apo t r an sp i r a t i on  
wa te r  l o s s  may be  of a l a r g e  amount, t he  r a t e  as well as t h e  t o t a l  amount 
of wa t e r  l o s t  through e v a po t r a n s p i r a t i o n  du r i ng  and immediately  a f t e r  a 
r a i n s t o rm  i s  r e l a t i v e l y  s m a l l  i n  comparison t o  t h e  amount of  r a i n f a l l  o r  
r uno f f .  
However, t h e  i n t e r f a c i a l  exchange between t h e  s o i l  and s u r f a c e  
wa t e r  body, i . e . ,  t h e  i n f i l t r a t i o n  l e av i ng ,  o r  groundwater e n t e r i n g ,  t h e  
s u r f a c e  wate rshed  system may n o t  b e  and u s u a l l y  i s  n o t  a n e g l i g i b l e  sma l l  
amount , The i n f i l t r a t i o n  ground wa t e r  i n f l ow  compl ica ted '  
phenomenon depending on many f a c t o r s  such  a s  t h e  s o i l  c ond i t i on ,  p a r t i c -  
u l a r l y  wa t e r  con t en t  o r  s t o r a g e ,  and g e o l o g i c a l  as w e l l  a s  topographic  
c ond i t i on s .  
The watershed geometry and topography,  i , e . ,  geomorphologic 
c ond i t i on  which would a f f e c t  t h e  r a i n f a l l - r u n o f f  r e l a t i o n s h i p  i nc lude  t h e  
s i z e ,  shape ,  l and  and channe l  s l o p e s ,  s u r f a c e  roughness  and l a n d  use  of 
d r a inage  b a s i n  and s u r f a c e  s t o r a g e  p a t t e r n .  For n a t u r a l  wa t e r sheds ,  parameters  
such  as d ra inage  d en s i t y ,  form o r  shape  f a c t o r ,  compactness c o e f f i c i e n t ,  
c e n t r o i d  l o c a t i o n  index ,  stream o r d e r  and f requency  , b i f u r c a t i o n  r a t i o ,  
and e q u i v a l e n t  roughness a r e  o f t e n  used t o  d e s c r i b e  t h e  wate rshed  
geornorpholsgic f a c t o r s .  
11-2. Sys t e m  Design C r i t e r i a  
The b a s i c  des ign  c r i t e r i o n  f o r  t h e  WES i s  t o  c on s t r u c t  a watershed 
expe r imen ta t i on  s y s  tern capable  of s t udy i ng  independent ly  t h e  e f f e c t s  of each 
of t h e  major  hydrometeorologic  and phys iographic  f a c t o r s  on b a s i c  phy s i c a l  
phenomena of runo f f  due t o  r a i n f a l l  w i t h  s u f f i c i e n t  exper imenta l  accuracy 
and v e r s a t i l i t y .  The exper imenta l  r e s u l t s  s o  ob ta ined  should  be  useful.  
n o t  on ly  t o  v e r i f y  t h e  va r ious  hyd ro log ic  t h eo r i e s  b u t  a l s o  f o r  eng inee r ing  
a p p l i c a t i o n s ,  
I n  p rev ious  l a bo r a t o r y  watershed  s t u d i e s ,  Mamisao (1952) and Chery 
(1965) used d i s t o r t e d  s c a l e  models of n a t u r a l  watersheds .  However, i n  the 
des ign  o f  t h e  WES, because  of t h e  b a s i c  need t o  i n v e s t i g a t e  and understand 
t h e  mechanics of  flow of  water  ove r  a  watershed ,  i t  was decided t h a t  
watershed  s c a l e  modeling i s  n o t  t h e  immediate o b j e c t i v e  of t h i s  watershed  
r e s e a r ch  program. Also, because of t h e  d i f f e r e n c e  i n  o r d e r  of magnitude 
i n  l e n g t h  and/or  t ime s c a l e s  between modeling s u r f a c e  f l ow  and subsu r f ace  
flow, a watershed  of l a bo r a t o r y  s c a l e  w i t h  combined s u r f a c e  and subsu r f  ace 
flow would y i e l d  r e s u l t s  of only l im i t e d  i n t e r e s t  and s i g n i f i c a n c e  f o r  the 
p r e s en t  purpose.  Hence, i t  was dec ided  t h a t  a t  t h e  f i r s t  s t a g e  o f  i nves t i ga -
t i o n ,  t h e  WES b e  designed t o  s t udy  only t h e  s u r f a c e  runo f f  w i th  an impervious 
s u r f a c e .  However, p rov i s ions  f o r  f u t u r e  mod i f i ca t i ons  t o  s tudy  watershed 
i n f i l t r a t i o n  and subsu r f ace  r uno f f ,  a s  w e l l  a s  s c a l e  modeling, may a l s o  
b e  made. This d e c i s i on  was f u r t h e r  j u s t i f i e d  l a t e r  by t h e  f i nd i ng s  of 
Grace and Eagleson (1965, 1966) and by t h e  d i f f i c u l t i e s  encountered i n  
Chery ' s  modeling. Grace and Eagleson (1965, 1966),  based  on one-dimensional 
equa t ions  of c o n t i n u i t y  and momentum and order-of-magnitude con s i d e r a t i on s ,  
d i s cus sed  t h e  c r i t e r i a  and d i f f i c u l t i e s  involved i n  modeling over land  
f lows ,  It i s  obvious t h a t  f o r  th ree-d imens iona l  watershed  f lows t h e  
problem would b e  cons ide rab ly  more d i f f i c u l t .  It should  b e  no t ed  h e r e  t h a t ,  
if c a r e f u l l y  des igned ,  t h e  l a b o r a t o r y  watershed can f u r n i s h  results, with 
t he  a i d  of d imens iona l  a n a l y s i s ,  faat  are a p p l i c a b l e  t o  eng inee r ing  a n a l y s i s  
of n a t u r a l  wate rsheds  a 
Watershed s u r f a c e  runof f  due t o  r a i n f a l l  may b e  c l a s s i f i e d  i n t o  
two p a r t s  as over land  runof f  and channe l  r uno f f .  There i s  no c l e a r  d i s  t i n c -  
t i o n  between t h e  two p a r t s  from a hydrodynamic v iewpoin t  and bo t h  types  o f  
flow can  b e  de sc r ibed  mathemat ica l ly  by ex a c t l y  t h e  same equa t ions  of 
motion and con t i nu i t y .  The c l a s s i f i c a t i o n  of ove r l and  flow and channel  
flow i s  wide ly  adopted i n  hyd ro l og i c  a n a l y s i s ,  In g ene r a l ,  t h e  over land  
flow i s  r e f e r r e d  t o  a s  t h e  s h e e t  f low on Band s u r f a c e  w i t hou t  a c l e a r l y  
de f ined  channe l  and w i t h  a small depth  i n  which t h e  dimension o f  s u r f a c e  
roughness and t h e  s i z e  of t h e  r a i nd r op s  a r e  r e l a t i v e l y  n o t  n e g l i g i b l y  s m a l l  
and t h e  f low i s  approximately two-dimensional i n  n a t u r e ,  v e r t i c a l l y  and 
l o n g i t u d i n a l l y .  The channe l  f l ow  i s  u s u a l l y  r e f e r r e d  t o  a s  the flow i n  a 
wel l -def ined  channe l  where t h e  dep th  of  f low i s  r e l a t i v e l y  l a r g e  i n  cornpari- 
son t o  e i t h e r  t h e  s u r f a c e  roughness  o r  t h e  r a ind rop  s i z e .  Usua l ly  t h e  
ove r l and  s l o p e  i s  d i f f e r e n t  from t h e  s l o p e  of t h e  channel  and e i t h e r  s l o p e  
v a r i e s  a long  t h e  course  o f  t h e  flaw. 
Although i t  i s  n o t  t h e  i imed i a t e  i i l t e r e s t  of t h i s  s t u d y  t o  model 
any n a t u r a l  watershed,  t h e  d r a i n age  b a s i n  of t h e  WES should  b e  of s u f f i c i e n t  
s i z e  s o  t h a t  over land  f low and channel  f low can b o t h  be s imu l a t e d ,  and 
w i t h i n  t h e  l a bo r a t o r y  b a s i n ,  wa t e r sheds  of  v a r i ou s  geomet r ic  shapes ,  
d r a inage  p a t t e r n s ,  and s u r f a c e  roughnesses  can b e  t e s t e d  w i t h  s u f f i c i e n t  
expe r imen ta l  accuracy.  A l a r g e  s i z e  l a bo r a t o r y  wate rshed  n o t  only minimizes 
t h e  r e l a t i v e  importance of t h e  Weber number e f f e c t  b u t  a l s o  makes i t  pos-
s i b l e  t o  exper iment  w i t h  wide r anges  o f  t h e  Reynolds and Froude numbers 
of 	 t h e  f low.  Understandably i t  is  d i f f i c u l t  t o  c o n s t r u c t  a l a b o r a t o r y  b a s i n  
i n  which the s u r f a c e  s l o p e  can b e  changed a long  any d i r e c t i o n  at a l l  p o i n t s  
i n  	t h e  wate rshed .  However, a s i m p % i f i c a t i o n  w i thou t  s a c r i f i c i n g  the gener-
a l i t y  can be  made by con f in ing  t h e  ove r l and  f low a long  t h e  l a t e r a l  d i r e c t i o n  
and t h e  channe l  f low along the I u n g i t u d i n a P  d i r e c t i o n  of t h e  wate rshed ,  As 
a r e s u l t ,  o n l y  independent  l a te ra l  and l o n g i t u d i n a l  s l o p e  c o n t r o l s  a r e  
n e c e s s a r y ,  
From t h e  prev ious  d i s c u s s i o n ,  i n  summary, t h e  b a s i c  c r i t e r i a  f o r  
t h e  d e s i g n  o f  t h e  d r a inage  b a s i n  o f  t h e  WES a r e :  
I. 	 The s i z e  o f  t h e  b a s i n  should  b e  s u f f i c i e n t l y  l a r g e  s o  t h a t  ove r l and  
r u n o f f  and channel  r uno f f  can b e  s imu la t ed  and exper imenta l  accuracy  
can b e  s ecu red ,  y e t  t h e  s i z e  should  n o t  be t o o  large t o  cause 
compl ica t ion  i n  expe r imen ta t i on  o r  too  c o s t l y .  
2 .  	 The b a s i n  s l o p e  shou ld  be a d j u s t a b l e  independent ly  i n  t h e  longi-  
t u d i n a l  and l a t e r a l  d i r e c t i o n s  t o  g i v e . s u f f i c i e n t  ranges  of  t he  
v e l o c i t y  and depth of  t h e  s u r f a c e  r u n o f f ,  i.e. , s u f f i c i e n t  ranges 
of  t h e  Reynolds and Froude numbers, 
3 .  	 The impervious s u r f a c e  of  t h e  b a s i n  should  b e  s o  designed t h a t  the 
s u r f a c e  roughness can  b e  changed when neces sa ry  and v a r i o u s  surface 
roughnesses  can b e  a p p l i e d  s imul taneous ly  a t  d i f f e r e n t  a r e a s  w i t h i n  
t h e  b a s i n .  
4.  	 D i f f e r e n t  geometr ic  p a t t e r n s ,  i.e. , watershed  shapes  and geometr ic  
combinat ions  of ove r l and  and channels  could be t e s t e d  i n  t h e  b a s i n o  
5. 	 There  should  be  p r o v i s i o n  f o r  f u t u r e  mod i f i ca t i ons  t o  s t u d y  
wate rshed  runoff  w i t h  pe rv ious  s u r f  a ce s ,  wate rshed  scale-modeling , 
etc ,  
To generate r a i n f a l l  i n p u t  which can vary a r e a l l y  and temporal ly  
r e q u i r e s  a s o p h i s t i c a t e d  r a i n f a l l  producing mechanism. This  requirement  
be cons ide red  i n  t h r e e  d i f f e r e n t  a s p e c t s :  f i r s t  i s  t h e  problem of pro-
ducing r a i nd r op s ,  second i s  t o  produce an a r e a l  v a r i a t i o n  of  r a i n f a l l  i n t e n -  
s i t y ,  and t h i r d  i s  t o  produce a temporal  v a r i a t i o n  i n  r a i n f a l l .  
To produce r a ind rops  f o r  l a b o r a t o r y  wate rshed  s t u d i e s  , b a s i c a l l y  
f o u r  d i f f e r e n t  types  of  r a i nd r op  producers  have been used :  (a) nozz l e s ,  
(b )  s p r i n k l e r s ,  (c )  hanging y a r n s ,  and (d) hypodermic need l e s  o r  sma l l  
t ub ings .  The s p r i n k l e r  and noz z l e  type  r a ind rop  producers  have been used 
by many i n v e s t i g a t o r s  (Mutchler and Hermsmeier, 1965; H a l l  and Wolf, 1967; 
Ha l l ,  1969) .  The nozz l e s  produce r a ind rops  of  nonuniform s i z e s  and u s u a l l y  
i t  i s  d i f f i c u l t  t o  ach ieve  a r e a l  un i fo rmi ty  of r a i n f a l l  i n t e n s i t y .  S p r i n k l e r s ,  
which are e s s e n t i a l l y  moving o r  r o t a t i n g  noz z l e s ,  have  an a d d i t i o n a l  d i s -  
advantage t h a t  t h e  r a i n f a l l  produced i s  nonuniform i n  t ime.  TRe s i z e  spec t rum 
of the r a i nd r op s  produced by t h e  nozz l e s  and s p r i n k l e r s  may o r  may no t  b e  a 
d e s i r a b l e  f e a t u r e  depending on t h e  need i n  t h e  r e s e a r ch ,  The major  drawback 
f o r  n o z z l e  o r  s p r i n k l e r  type  r a ind rop  producer  i s  t h a t  f o r  a g iven  nozz l e  
when t h e  r a i n f a l l  i n t e n s i t y  i n c r e a s e s  t h e  medium drop s i z e  dec rea se s  t o g e t h e r  
w i t h  a d e c r e a s i ng  range of  s i z e  spectrum, This  phenomenon i s  j u s t  c on t r a r y  
t o  t h e  n a t u r a l  r a i n £  a l l ,  I n  a d d i t i o n ,  nozzle-or  spr ink le r -produced  r a i nd r op s  
a r e  u s u a l l y  o f  sma l l  s i z e s ,  o f t e n  sma l l e r  t han  1 mm i n  e qu i v a l en t  d iameter ,  
hav ing  t h e i r  mechanical  behav io r s  d i f f e r e n t  from t ho s e  of t h e  n a t u r a l  r uno f f -  
producing r a i nd r op s  of l a r g e r  s i z e s .  
Raindrops produced by hanging y a m s  (Parsons ,  1943; E l l i s o n  and 
Pornerene, 1944; Woo and B r a t e r ,  1962) have a  more uniform s i z e  d i s t r i b u t i o n  
than  t h o s e  produced by nozz l e s .  By evenly  d i s t r i b u t i n g  t h e  y a r n s ,  u n i f o rm i t y  
of r a i n f a l l  ove r  a d e s i r e d  area can a l s o  b e  achieved.  However, y a m  i s  n o t  
s u i t a b l e  f o r  a l ong  p e r i od  of  u s e  s i n c e  r e p e a t ed l y  wet-and-dry process  would 
change t h e  r a ind rop  forming c h a r a c t e r i s t i c s  of  t h e  hanging y a r n s .  Fur ther -
more, yarn- type  r a ind rop  producer  p r e s e n t s  much d i f f i c u l t y  i n  con t r o l l i n g  t h e  
r a i n f a l l  i n t e n s i t y  and t h e  qu ick  response  i n  commencement o r  cessation a s  
w e l l  as changes of r a i n f a l l ,  
Mamisao (1952) p robably  was t h e  f i r s t  one t o  u s e  s m a l l  tub ings  t o  
produce r a i n d r o p s  f o r  r a i n f a l l - r u n o f f  r e l a t i o n s h i p  s t u d i e s .  H e  used 3 i n .  
long ,  0.0635-in. I . D .  copper t ub ings  f i x e d  t o  t h e  bot tom of  a s t e e l  t ank  
t o  p roduce  r a ind rops .  La t e r  Cnery ( i 965 j  produced r a ind rops  by using pumps 
f e e d i n g  w a t e r  through 676 two-foot l ong ,  O.Oll-in. I.D,  po lye thy l ene  t ubes .  
Grace and Eagleson (1967) c o n s t r u c t e d  boa t ex  c a s t i n g  r e s i n  box modules of 
1-112-in. h i g h  and 1 - f t  s q u a r e  w i t h  314-in. long ,  0.0125-in. I.D., 0.025-
i n .  	O.D. s t a i n l e s s  s t e e l  need l e s  c a s t  t o  t h e  bottom of t h e  box a t  1 i n .  
spac ings .  
However, a t  t h e  de s ign  s t a g e  of t h e  p r e s e n t  r e s e a r c h ,  n e i t h e r  
Chery 's n o r  Grace and ~ a g l e s o n ' s  r a ind rop  producer  was cons t ruc t ed .  Using 
t h e  t h e n  a v a i l a b l e  knowledge on r a i n f a l l  and r a i n d r o p s ,  i t  was decided t h a t  
t h e  r e q u i r e d  f e a t u r e s  f o r  t h e  r a i n f a l l  produced i n  t h e  WES shou ld  be  a s  
fo l l ows  (Chow and Harbaugh, 1965) : 
1. 	Drop s i z e s  comparable w i t h  t h o s e  occu r r i ng  i n  n a t u r a l  r a i n f a l l .  
2. 	 V a r i a t i o n  i n  r a i n f a l l  i n t e n s i t y  from 0.75 t o  13 i n . / h r .  
3. 	 F l e x i b i l i t y  i n  t ime and a r e a l  d i s t r i b u t i o n s ,  o r  a b i l i t y  t o  produce 
a r a i n s t o r m  of g iven  p a t t e r n .  
4 .  	 Quick response  t o  a lmost  i n s t an t aneous  change o f  l o c a l  r a i n f a l l  
rate. 
I n  view of these requi rements  it i s  obvious t h a t  t h e  smal l -  
t u b i n g  t y p e  r a ind rop  producer  would b e  t h e  most s u i t a b l e  one among the  
f o u r  d i f f e r e n t  types  f o r  t h e  p r e s e n t  s t udy .  It h a s  s u p e r i o r  t i m e  response 
c h a r a c t e r i s t i c s  and much e a s i e r  t o  c o n t r o l  t h e  r a i n f a l l  i n t e n s i t y  and drop 
s i z e  u n i f  o m i t y  i n  comparison t o  t h e  hanging-yarn-type r a i n d r o p  prbducer.  
It h a s  b e t t e r  a r e a l  and temporal  d i s t r i b u t i o n s  of r a i n f a l l  i n  comparison 
to t h e  nozzle-and s p r i nk l e r - t yp e  r a i nd r op  producers  and it  does no t  
have the i n v e r s e  i n t e n s i t y  and medium drop s i z e  r e l a t i o n s h i p  of t he  
l a t t e r .  I n  a d d i t i o n ,  t o  s t udy  t h e  b a s i c  p h y s i c a l  phenomena of r a i n f a l l -
r e l a t i o n s h i p  i t  i s  more d e s i r a b l e  from bo t h  t h e  i n s t rumen ta t i on  and 
f l u i d  mechanics viewpoints  t o  have uniform drop s i z e  than  t o  s imu la t e  
* a t u r a l  r a ind rop  s p e c t r a  f o r  v a r i o u s  r a i n f a l l  i n t e n s i t i e s .  The drop s i z e  
used i n  t h e  WES should  b e  approximate ly  t h e  medium s i z e  by weight  o r  volume 
of normal r a in s to rms .  From a  s t udy  by Laws and Parsons ( 1 9 4 3 ) ,  the medium 
ra indrop  e q u i v a l e n t  d iameter  r anges  from approximately 3 mm f o r  4 i n .  / h r  
r a i n f a l l  t o  4 mm f o r  7 i n . / h r  r a i n f a l l .  
By u s ing  the smal l - tub ing- type  method t o  produce r a ind rops  f o r  
ach iev ing  p o s s i b l e  a r e a l  and tempora l  v a r i a t i o n s  of r a i n f a l l ,  i t  was de-
cided t h a t  a l a r g e  number of  r a i nd r op  producing modules b e  used t o  cover  
t h e  e n t i r e  Ez s i n  a r e a  of t h e  WES, Each module shou ld  b e  ope ra t ed  i nd i -  
vidually and independent ly  with any desirable du r a t i o n  of r a i n f a l l  l o nge r  
than  10  s e c  and t h e  range  o f  t h e  r a i n f a l l  i n t e n s i t y  should  cover  a  s u f f i -  
c i e n t  range ,  approximately 0.75 t o  15  i n .  / h r ,  t o  produce wate rshed  s u r f a c e  
flows w i t h  d e s i r a b l e  ranges  of t h e  Reynolds and Eroude numbers of t h e  f l ow  
and minimum Weber number e f f e c t .  Also,  t h e  r a i n f a l l  should  b e  appl ied  
uniformly ove r  t h e  a r e a  covered by each  module. 
Small  p l a s t i c  t ub ings  such  as in t r amed ic  po lye thy l ene  tub ings  
were cons ide red  t o  b e  s u p e r i o r  t o  hypodermic n e ed l e s  t o  produce t h e  r e q u i r e d  
r a ind rops .  It i s  conce ivab le  t h a t  some sma l l  p a r t i c l e s  i n  t h e  water  s upp l y  
may be  t r a n spo r t e d  t o  c log  t h e  t ub ings .  It i s  e a s i e r  t o  c l e an  t h e  p l a s t i c  
small t ub ing  t o  main ta in  i t s  o r i g i n a l  hyd r au l i c  c h a r a c t e r i s t i c s  than t o  
cleana hypodemdc needle. In L - L L  + - f h i n w  Uu-2-E n q P  f l ln f?fon  offact, a n l a s + i n  L - U U 9 - L L 6  L L U Vha^ ----------
se l f - c l ean ing .  I f  h a r d  wa te r  i s  used ,  hypodermic need les  have an a d d i t i o n a l  
u n d e s i r a b l e  f e a t u r e  of chemical d e p o s i t i o n  on t h e  f l ow  passage.  Neve r the l e s s ,  
i t  shou ld  b e  cau t ioned  h e r e  t h a t  po lye thy l ene  t ub ings  a r e  s u b j e c t  t o  de foma-  
t i o n  af ter  s t r e t c h e d ,  sometimes permanent ly .  Hence, c a r e  should  b e  taken i n  
hand l ing  and c u t t i n g  of t h e  t ub ings  and on ly  t h e  t ub ings  of c o r r e c t  s i z e  and 
l e n g t h  shou ld  b e  used. 
The s i z e  of t ub ings  t o  b e  used should  be such t h a t  w a t e r  drops 
w i l l  b e  formed wi thou t  s t reaming  from t h e  t i p  of  t h e  t u b i n g  ove r  t h e  d e s i r e d  
range  o f  f l ow  rate o r  r a i n f a l l  i n t e n s i t y .  The l e n g t h  of t h e  t ub ing  should 
b e  s u f f i c i e n t l y  s h o r t  such t h a t  the e l a s t i c  e f f e c t  of t h e  tub ing  can b e  
n e g l e c t e d  and exces s ive  head l o s s  of t h e  flow w i l l  n o t  occur .  
With the above c o n s i d e r a t i o n s ,  t h e  des ign  c r i t e r i a  f o r  t h e  
r a i n d r o p  producer  a r e  a s  fo l lows:  
1. 	 Raindrops of approximately 3.5 m e q u i v a l e n t  d iameter  are t o  be  
produced from t h e  t i p  of  s m a l l  s h o r t  p l a s t i c  tub ings  by t ak ing  
w a t e r  from a r e s e r v o i r  i n  t h e  r a ind rop  producer .  
2 .  	 Each r a ind rop  producer  should  produce a s u f f i c i e n t  number of 
r a i n d r o p s ,  no more than  f o u r  r a ind rop  p roduce r s  can b e  connected 
t o  form a r a i n f a l l  module, and each module shou ld  b e  opera ted  
i ndependen t ly  and i n d i v i d u a l l y  from o t h e r  modules.  
3 .  	 Each module, a s  w e l l  a s  each  ra indrop  producer ,  should b e  smal l  
enough s o  t h a t  t h e  r a i n f a l l  i n t e n s i t y  w i t h i n  t h e  module i s  uniform 
t o  e n s u r e  exper imenta l  accuracy ,  y e t  n o t  t oo  s m a l l  t o  cause  
e x c e s s i v e  c o s t  and experimentation.difficu1tiese 
4 .  	 The response  t i m e  o f  t h e  r a ind rop  producer  t o  changes of t h e  
r a i n f a l l  i n t e n s i t y  should  b e  s u f f i c i e n t l y  s h o r t  i n  comparison 
w i t h  t h e  minimum d u r a t i o n  of  cons t an t  r a i n f a l l ,  e s t i m a t e d  as 10 
s e c .  
5. The range  of r a i n f a l l  i n t e n s i t y  should  b e  approximately from 
0.75 t o  15 i n .  /hr wi thou t  wa t e r  s t r eaming  cont inuous ly  a s  a j e t  
from t h e  sma l l  t ub ings  and f o r  any d e s i r e d  c on s t an t  i n t e n s i t y  
t h e  accuracy  of  areal o r  temporal  v a r i a t i o n s  w i t h i n  a module shou ld  
be less than  5%. 
S ince  a l a r g e  q u a n t i t y  of  wa t e r  would b e  used i n  the exper iments ,  
i t  was dec ided  t o  r e c i r c u l a t e  t h e  wa te r  used. The water from t h e  r a ind rop  
producers  w i l l  f a l l  on t h e  b a s i n  surface and f low through t h e  o u t l e t  o f  t h e  
wate rshed  i n t o  a s t o r a g e  t ank  where t h e  t ime v a r i a t i o n  of t h e  outf low from 
the watershed  w i l l  b e  measured. The wate r  i s  t h en  d i s cha rged  i n t o  the r e t u r n  
flow sys tem through a p i p e l i n e  network and back i n t o  t h e  r a ind rop  producers .  
The r e c i r c u l a t i n g  system has an added advantage t h a t  t h e  wa t e r  can b e  
chemica l ly  t r e a t e d  and s o f t e n ed  t o  reduce t h e  amount of chemical d epo s i t i on s  
which would cause  exper imenta l  problems,  p a r t i c u l a r l y  c logging  of t he  s m a l l  
plastic t ub ings ,  
111. COMPONENTS OF THE WATERSHED EXPERIMENTATION SYSTET'I 
With t h e  b a s i c  de s ign  c r i t e r i a  given i n  t h e  preced ing  chap t e r ,  t h e  
Watershed Exper imenta t ion  System (WES) was designed and b u i l t  based on sys tems  
eng inee r ing  concept  i n t e g r a t i n g  t h e  fo l lowing  f u n c t i o n a l  components (Fig.  1): 
1. Hydrau l ic  system 
A. T e s t ,  o r  t e s t i n g ,  b a s i n  

B e  Sto rage  t ank  

C ,  R e c i r c u l a t i o n  p i p e l i n e  components 

a. Supply p i p e l i n e  
b.  Pump 
c. F i l t e r i n g  dev ices  
d. Automatic v a l v e s  
e, Bypass l i n e  

f, Turbine f lowmeters 

g .  Elbow meter (no t  i n d i c a t e d  i n  Fig. 1 )  
h.  Flow d i s t r i b u t i o n  network 
i. Bleeders  (no t  i n d i c a t e d  i n  F ig .  1) 

j ,  Constant-discharge f l oa t i ng - s iphon  s tage- record ing  system (SRS) 

D. R a i n f a l l  modules 
a. D i g i t a l  v a l v e  assembl ies  
b .  Tubings (no t  i n d i c a t e d  i n  F ig .  1 )  

c, Raindrop producers  

2. S t r u c t u r a l  system (no t  shown i n  Fig.  I) 
A. T e s t  b a s i n  suppor t i ng  s t r u c t u r e  
B.  R a i n f a l l  module and d i s t r i b u t i o n  network s u p p o r t i n g  s t r u c t u r e  
C. Environmental  c o n t r o l  room 

3. E l e c t r o n i c  system 
A. PDS 1020 e l e c t r o n i c  d i g i t a l  computer 
B. I n t e r f a c e  c o n t r o l  conso le  and power supp ly  u n i t  (ICC) 
C. Solenoid  va lves  o f  d i g i t a l  v a l v e  assembl ies  and b l e e d e r s  
Do Sonar depth s e n s o r s  
E ,  Turbine f lowmeters 
4. 	 Pneumatic s y s  tem 
A. Air compressor 
B. P r e s s u r e  s e n s o r  
C .  P r e s s u r e  c o n t r o l  components 

S o  Chemical system 

A.  	 Water s o f t e n e r  
The tes t  b a s i n  of t h e  WES, 40 f t  by 40 f t  i n  s i z e ,  i s  housed i n  a 
50 ft by 47  f t  room i n  t h e  Hydrau l ic  Engineer ing Labora tory  of  t h e  Department 
of C i v i l  Engineer ing of t h e  U n i v e r s i t y  of I l l i n o i s  i n  Urbana. The remaining 
a r e a  i n  t h e  room is  a l l o c a t e d  t o  t h e  s t o r a g e  t ank ,  t h e  suppor t i ng  foo t ings  
and columns f o r  t h e  s t r u c t u r a l  sys tems ,  t h e  measurement i n s t r u m e n t s ,  and the 
space  r e q u i r e d  f o r  p e r i o d i c  i n s p e c t i o n  and maintenance of  t h e  equipment. The 
n o r t h e r n  h a l f  of t h e  e a s t  s i d e  of  t h e  t e s t - b a s i n  room i s  connected openly 
F, 
wi thou t  p a r t i t i o n  w a l l  t o  ano the r  room of  25 f t  by 1 8  f t  i n  s i z e  i n  which 
the e l e c t r o n i c ,  pneumatic,  and o t h e r  c o n t r o l  f a c i l i t i e s  a r e  l o c a t e d .  The 
g e n e r a l  l a y o u t  of  t h e  WES is shown i n  Fig.  2 .  
The w a t e r  i n  t he  WES i s  r e c i r c u l a t e d  through t h e  system,  Runoff 
from t h e  l a b o r a t o r y  b a s i n  produced by t h e  a r t i f i c i a l  r a i n f a l l  f r o m  t h e  
r a ind rop  producers  i s  c o l l e c t e d  i n  a s t o r a g e  tank  a d j a c e n t  t o  t h e  o u t l e t  of  
t h e  b a s i n .  The wa te r  i s  t h e n  pumped i n t o  a d i s t r i b u t i o n  p i p e l i n e  network 
and r e s u p p l i e d  t o  t h e  r a ind rop  producers  according t o  t h e  programmed 

expe r imen ta l  r a i n f a l l  condi t ion .  Therefore ,  from t h e  f u n c t i o n a l  v iewpoin t ,  
t h e  WES can a l s o  be d iv ided  i n t o  t h e  fo l lowing  component systems: 
5. 	 Tes t ing  system 
A. 	 Tes t  b a s i n  and s u b s t r u c t u r e  
B . Raindrop producers  

C, E l e c t r o n i c  d i g i t a l  v a l v e  assembl ies  (EDVAPs) 

D. 	 Supe r s t ruc tu re  
2 .  	 Water r e c i r c u l a t i o n  system 
A. S torage  tank 

B, R e c i r c u l a t i o n  p i p e l i n e  

C, D i s t r i b u t i o n  netowrk 

D. Pump 

3 e  Cont ro l  system 

A. 	 Operat ion c o n t r o l  s y s  t e m  
a. Hydraul ic  c o n t r o l  - automat ic  c o n t r o l  va lves  
b ,  Pneumatic c o n t r o l  
B.  	 F rocess  ( e l e c t r o n i c )  c o n t r o l  system 

a ,  PDS 1020 e l e c t r o n i c  d i g i t a l  computer 

b .  	 I n t e r f a c e  c o n t r o l  console  and power supply  u n i t  ( ICC)  
4 .  	 Measurement s y s  tem 
A .  	 T i l r h i n ~f l n ~ . m ~ f ~ r c  
-A. 	 -UL Y I I I U  & - - . . * . I - " . - - Y 
B e  	Elbow meter  
C. 	 Sonar depth s enso r s  
D. 	 Constant-discharge f l oa t i ng - s iphon  s tage- record ing  system (SRS) 
IV. TESTING SYSTEM 

Th e tes t i n g  system c  o n s i s t s  of t h e  tes b  a s  i n  t o  g e t h e r  wi  t h  t h e  
uppor t ing  subs t r, uc tu r e  on whi ch expe r imen ta l  wa e r s heds of  va r ious  geo-
m e t r i c  shapes ,  s i z e s ,  k inds  of s u r f  ace and s l o p e s  can b e  c o n s t r u c t e d ,  t h e  
r a ind rop  p roduce r s ,  t he  e l e c t r o n i c  d i g i t a l  va lve  assembl ies  which c o n t r o l  
t h e  tempora l  and a r e a l  d i s  t r i b u t i o n s  of  r a i n f a l l ,  and t h e  s u p e r s t r u c t u r e s  
s u p p o r t i n g  t h e  ra indrop  producers  and e l e c t r o n i c  d i g i t a l  v a l v e  assembl ies  
@ as w e l l  as t h e  d i s t r i b u t i o n  p i p e  network of t h e  r e c i r c u l a t i n g  system. pj 

- 1  T e s t  Basin and S u b s t r u c t u r e  
The l a b o r a t o r y  tes t  b a s i n  i s  a 40 f t  by 40 f t  s q u a r e  a r e a  w i t h  
a d j u s t a b l e  l o n g i t u d i n a l  and l a t e r a l  s l o p e s .  I n  o r d e r  t o  s a t i s f y  t he  
requi rements  t h a t  d i f f e r e n t  types  of s u r f a c e  can b e  t e s t e d  on t h e  b a s i n  
p; 
iI 
i^Y and t h a t  t h e  s t r u c t u r a l  d e f l e c t i o n  of t h e  b a s i n  should  b e  n e g l i g i b l y  
s m a l l ,  marine plywoods of t h e  s i z e  4' x 8 '  x 1 /2"  each a r e  used t o  cover  
a* 
, t h e  e n t i r e  40 f t  by 40 f t  b a s i n  a r e a .  Various types  of b a s i n  s u r f a c e  
i 

r"p
I! can t hen  b e  f a s t e n e d  on t h e  plywood boards  by counte rsunk  screws.  
V I 
The plywood boards  a r e  n a i l e d  t o  a frame of 2" x 4" wooden 
@ >6" beams a t  2 - f t  spac ings  l o n g i t u d i n a l l y  and 8 - f t  a p a r t  l a t e r a l l y  cover ing 
S 

$2 
?,,l t h e  e n t i r e  40-ft  squa re  a r e a  a s  shown i n  Fig.  3. The wooden beams are 
PI 
A i n  t u r n  b o l t e d  t o  s i x  8WF2O s t e e l  I-beams running f u l l  40 f t  l o n g i t u d i n a l l y  
d 

b The 5-in. l ong  1/4-in.  b o l t s6~~ a t  8 - f t  spac ings  a long t h e  l a t e r a l  d i r e c t i o n .  
7 
# 
!, 
t can be  used  t o  a d j u s t  t h e  e l e v a t i o n  of t h e  wooden beams t o  compensate f o r  
pT t h e  d e f l e c t i o n  of t h e  I-beams. The s i z e s  of t h e  s t r u c t u r a l  members 
I I 
8 
s u p p o r t i n g  t h e  b a s i n  surface are des igned  on a d e f l e c t i o n  c r i t e r i o n .  
*=, 
E 
The d e f l e c t i o n  of t h e  b a s i n  s u r f a c e  by dead l oad  and l i v e  l o a d  due t o  
c
;st 
r a i n f a l l  du r ing  any experiment  shou ld  b e  such t h a t  i t  would cause  no more 



than  5% e r r o r  of a 0.5%-slope s u r f a c e ,  o r  approximately 0.006 i n .  f o r  
$w 
** 
*-9 $$ a 2 - f t  span .
F" 

Q' 
g" Each of t h e  s t e e l  I-beams i s  suppor ted  by a jack  l o c a t ed  a t  8 $'< 
Y *6, 

g in. from t h e  upstream edge of t h e  b a s i n  and a r o l l e r  a t  8 f t  from t h e  B" 

Sd* 
doms t r eam edge of t h e  b a s i n .  Each jack  o r  r o l l e r  i s  suppor ted  by a s tee l  
p e d e s t a l  embedded i n  t h e  conc re t e  f l o o r .  By a d j u s t i n g  the  j a ck s ,  w i th  t h e  
a i d  of a s u r v eyo r ' s  l e v e l ,  t h e  s l ope s  of t h e  b a s i n  can b e  changed. Theo-
y 

0 r e t i c a l l y ,  this arrangement would permi t  l a t e r a l  s l o p e  v a r i a t i o n  f o r  eve ry  
=r E. 
8 ft a long  t h e  l a t e r a l  d i r e c t i o n  w i t h  uniform l o n g i t u d i n a l  s l o p e ,  However, 
m 
r-, 
0 because of t h e  cons t ruc t i on  arrangement of t h e  wooden frame suppor t i ng  
0 

s: qq 
6%,

-
1;
k+ t h e  b a s i n ,  i t  i s  more d e s i r a b l e  t o  u t i l i z e  t h e  5-in.  long b o l t s  connect ing 
t h e  frame t o  t h e  s tee l  beam f o r  r e l a t i v e l y  l a r g e  l a t e r a l  s l o p e  adjustment .  
A t  t h e  two s i d e  edges and t h e  upstream edge of t h e  b a s i n ,  2'-6" 
ga lvan i zed  metal s h e e t s  a r e  f a s t e n ed  t o  t h e  b a s i n  t o  p r even t  wa t e r  flowing 
ou t  of t h e  b a s i n  and t o  recover  sp l a shed  wa t e r ,  The me t a l  s h e e t s  a r e  
i n c l i n e d  outward a t  approximately 15" from t h e  v e r t i c a l ,  A t  t h e  downstream 
edge of t h e  b a s i n ,  excep t  f o r  t h e  l e ng t h  corresponding t o  t h e  width of the 
out f low s e c t i o n  which i s  l e f t  open, 1 - f t  h igh  p l e x i g l a s s  s h e e t s  a r e  f a s t e n e d  t o  
t he  b a s i n  s u r f a c e  by 1 /2- in ,  s qua r e  b a r s  i n s t e a d  of us ing  sheet meta l  as f o r  
o t h e r  edges. 
Thus, w i th  t h e  aforement ioned arrangements ,  l a bo r a t o r y  wate rsheds  
of d i f f e r e n t  geometr ic  shapes ,  s l o p e s ,  and s u r f a c e  cond i t i ons  can be s imu l a t e d  
w i t h i n  t h e  b a s i n  up t o  a  maximum s i z e  o f  1600 s q  ft. I n  hydrology,  surface 
runof f  i s  o f t e n  d iv ided  i n t o  over land  flow and channe l  flow as d iscussed  i n  
Chapter 11. These flow d i v i s i o n s  can be  s imu la t ed  i n  t h e  b a s i n  by im -
p l a n t i n g  narrow s t r i p s  of  b a r s  ex tending  from t h e  two s i d e  edges of t h e  b a s i n  
towards t h e  c e n t e r  of b a s i n  t o  gu ide  t h e  wa t e r  as  over land  flow. The b a r s  end 
a t  c e r t a i n  d e s i r e d  d i s t a n c e  from t h e  c e n t e r  l i n e  of t h e  basin s o  t h a t  t h e  
c e n t e r  p o r t i o n  of t h e  basin s imu la t e s  t h e  channel  f low along t h e  l o n g i t u d i n a l  
d i r e c t i o n .  Shown i n  t h e  lower r i g h t  co rne r  of t h e  l e f t  s i d e  f i g u r e  i n  Fig* 4 
a r e  t h e  b a r s  t o  c r e a t e  over land  f low on t h e  masoni t e  s u r f a c e  t e s t e d  i n  t h e  WES. 
So far t h r e e  types  of b a s i n  s u r f a c e  have been t e s t e d ,  i n c l ud i ng  
t h e  rough s i d e  of 4' x 8' x 1/4"  wa te rp roo f ing  tempered masoni te  boards ,  
4' x 1 2 '  x 1 /4"  grade  6061 aluminum p l a t e s ,  and 3' x 10' p e r f o r a t e d  aluminum 
s h e e t s  o f  20 IS & S gauge, l j 4 "  x ij2" diamond p a t t e r n .  A i l  t h e  j o i n t s  and 
t h e  h o l e s  f o r  n a i l s  o r  countersunk screws t o  f a s t e n  t h e  boards  o r  p l a t e s  t o  
t h e  2" x 4" wooden b a r s  of t h e  s u b s t r u c t u r e  a r e  s e a l e d  w i t h  S i P a s t i c  s e a l a n t  
w i t h  t h e i r  s u r f  aces  f l u s h i n g  w i t h  t h e  b a s i n  s u r f a c e  t o  minimize d i s t u rbance .  
Furthermore,  t h e  boards  o r  p l a t e s  a r e  p l aced  i n  such  a p a t t e r n  t h a t  any 
p o s s i b l e  d i s t u r b ance  of j o i n t s  t o  f low i s  minimized (Fig, 4 1 ,  
IV-2. Raindrop Producers  
As  d i s cus sed  i n  Chapter 11, t o  comply w i t h  t h e  exper imenta t ion  
requi rements ,  r a ind rop  producers  wi th  short small pPas t i c  
t ub ings  i n s e r t e d  a t  the bottom of the  box were decided t o  b e  used t o  
produce a r t i f i c i a l  r a i n f a l l .  E a r l y  v e r s i o n  of t he  r a ind rop  producer  used 
has  been  r e po r t e d  by Chow and Harbaugh (1965).  
The r a ind rop  producer  i s  an a i r t i g h t  hol low box, made of 3/8-in. 
t h i c k  p l e x i g l a s s  p l a t e s ,  w i t h  o u t s i d e  dimensions 2-ft wide,  2- f t long ,  
and 1-3/4-in.  h i gh  (Fig.  5 ) .  Po lye thy l ene  tub ings  o f  0.023-in.  I Q D q 9  
0.047-in. O .D . ,  and 3/4-in.  long a r e  i n s e r t e d  i n t o  576 ho l e s  d r i l l e d  by 
No. 18 d r i l l  a t  t h e  bottom of  each o f  t h e  p l e x i g l a s s  boxes a t  I. i n ,  c en t e r s  
spac ing  s t a r t i n g  a t  1 / 2  i n .  from the edges of t h e  box. 
end 
n a l  
0 4 
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PLAN VIEW 
PLEXIGLASS TUBING 1/4"1.D UBBER O-RING 4" 1.99,AND 
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SECTION A-A 
F i g .  5. Raindrop producer. ( a )  Details 
-
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> 
The 576 3/4-33. long t ub ings  f o r  each r a ind rop  producer  p ro t rude  
1/23 in. inside t h e  box above the t op  f a c e  of the bottom p l a t e  o f  t h e  box 
t o  reduce  t h e  p o s s i b i l i t y  of f l o c c u l a t e d  sediment  I n  water t o  f l ow  i n t o  and 
c log  t h e  s m a l l  t ub ings ,  Each of  t h e  po lye thy l ene  t ub ings  i s  h e l d  by 
S i P a s t i c  s e a l e n t  a t  1/8 i n .  above t h e  top f a c e  of  t h e  bottom p l a t e  of t h e  
box t o  p r even t  leakage (Fig.  6 ) ,  S i l a s t i c  s e a l e n t  i s  s u f f i c i e n t l y  f l e x i b l e  s o  
t h a t  t h e  t ub ing  can be s l i d  i n  and o u t  by f o r c e  f o r  replacement  b u t  i t h o l d s  
t h e  t ub ing  i n  p roper  p l ace .  Each of t h e  tub ings  i s  p r o j e c t e d  f/ 4  i n ,  below 
t h e  bot tom f a c e  of  t h e  box t o  gua ran t ee  t h a t  t h e  r a i nd r op s  are formed a t  
t h e  t i p s  o f  t h e  tub ings  w i thou t  i n t e r f e r e n c e  of t h e  bot tom p l a t e  of t h e  box,  
The s e l e c t i o n  of  po lye thy l ene  tub ings  ove r  s t a i n l e s s  s t e e l  hypo- 
dermic need l e s  i s  due t o  t h e  reasons  t h a t  t h e  former i s  r e l a t i v e l y  chemical ly  
i n e r t  s o  t h a t  t h e r e  i s  l e s s  chance f o r  c o r ~ o s i o n  o r  deposi t ion.  in. t h e  t ub ings  
and t h a t  even if depo s i t i on  o r  c logging  occurs  t h e  former  i s  much e a s i e r  to 
b e  c leaned  t han  t h e  l a t t e r .  During experiments  t h e  magnitude a s  we l l  as  t h e  
range  of p r e s s u r e  i n  t h e  tub ings  i s  r e l a t i v e l y  sma l l  s o  t h a t  the  po lye thy lene  
t ub ings  a c t  a s  r i g i d  tub ings .  Y e t  should  c logging occur  a h i g h e r  p r e s s u r e  
can b e  a pp l i e d  t o  t h e  po lye thy lene  t ub ings  t o  f o r c e  t h e i r  d iameters  t o  e n l a r g e  
s l i g h t l y  and temporar i ly ,  thus  pushing ou t  t h e  c logging  sed iment ;  sometimes 
t h i s  can b e  done by a l s o  b rush ing  t h e  bottom p a r t  of  t h e  f l e x i b l e  tub ings .  
(A) Formation of Raindrops 
To produce r a ind rops ,  t h e  a i r - t i g h t  r a ind rop  producer  i s  only 
p a r t i a l l y  f i l l e d  w i t h  a proper  amount of wa t e r  and t h e  upper volume i n s i d e  
t h e  box i s  f i l l e d  w i th  a i r  s l i g h t l y  under  p r e s s u r e ,  To i n v e s t i g a t e  t h e  
h y d r a u l i c  c h a r a c t e r i s  t i c s  t h e  drop forming p r o c e s s ,  l e t  t h e  depth 
wa te r  above t h e  upper t i p  of t h e  t ub ing  be h and t h e  a i r  p r e s s u r e  a t  t he  
wa te r  s u r f a c e  i n  t h e  box b e  pa measured w i t h  r e s p e c t  t o  t h e  a tmospheric  
Trapped Air Pa 

Penetrating Through 
0.0635" Bril l  No. 52 
Hole In Plexiglass 
Plate 
F i g .  6. P r o d u c t i o n  o f  r a i n d r o p s .  ( a )  D e t a i l s  

p r e s s u r e  (F ig .  6 ) .  The l e n g t h  of t h e  t ub ing  i s  L and i t s  i n s i d e  and o u t s i d e  
iameters a r e  d and do, r e s p e c t i v e l y .  S ince ,  i n  t h e  p r e s e n t  c a se ,  t h ei 
tub ings  are spaced a t  1 in .  apar t  and di = 0.023 i n .  , t h e  r a t i o  of t h e  c ro s s -
s e c t i o n a l  a r e a  of t h e  tub ing  t o  t h e  a r e a  of t h e  box i t  covers  I s  0.00044, 
Hence, i t  can be  assumed t h a t  hydrodynamicalPy t h e r e  i s  p r a c t i c a l l y  no mutua l  
i n t e r f e r e n c e  between t h e  t ub ings  i n  producing drops.  
The flow through t h e  t ub ing  t o  form t h e  drop depends on t h e  p r e s s u r e  
i f f e r e n c e  between t h e  e n t r a n c e  and t h e  e x i t  of t h e  tub ing  and on t h e  p r e s s u r e  
l o s s  ove r  t h e  l e ng t h  of  t h e  t ub ing ,  S ince  t h e  p r e s s u r e  a t  t h e  e x i t  s e c t i o n  
of t h e  t ub ing  i s  a f unc t i on  of t h e  drop s i z e  and of t h e  s u r f a c e  t ens ion  
which changes w i th  t ime,  t h e  f low i n  t h e  tub ing  i s  uns teady ,  Neve r the l e s s ,  
i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  f low i n  t he  t ub ing  i s  most l i k e l y  l amina r .  
The tempora l  average f low r a t e  Q of t h e  t ub ing  is 
av 
Qav = i A  
i n  which i i s  t h e  r a i n f a l l  i n t e n s i t y  and A i s  t h e  a r e a  covered by each t ub ing  
which i s  1 /144  sq  f t  i n  t h e  p r e s e n t  case .  Thus, f o r  t h e  i n t e n s i t i e s  of 
0 .75  and 15 i n .  / h r  , Qav are 0 .12  x and 2 . 4  x cf s , r e s p e c t i v e l y .  
For t h e  po lye thy l ene  t ub ing  w i t h  0 .023 in .  I.D. , t h e  cor responding  average 
v e l o c i t i e s  a r e  0.042 and 0.83 f p s  and t h e  average Reynolds numbers 8.0 and  
160,  r e s p e c t i v e l y  . 
Since the  l eng th  of t h e  t ub ing  is  s h o r t  (L/d = 3 3 ) ,  i t  i s  ex-i 
pec ted  t h a t  f o r  a  cons ide rab l e  l e n g t h  of  t h e  t ub i ng  t h e  f low i s  being 
e s t a b l i s h e d  w i th  v e l o c i t y  d i s t r i b u t i o n  a t  any i n s t a n t  changing from sec t ion  
t o  s e c t i o n .  Therefore ,  t o  e v a l u a t e  t h e  energy o r  p r e s s u r e  l o s s e s  of t h e  
flow i n  t h e  tub ing ,  no t  on ly  t h e  p a r t  account ing f o r  uns t ead ines s  as  
mentioned e a r l i e r  b u t  a l s o  t h e  p a r t  due t o  n o nun i f om i t y  of  t h e  f low should  
b e  i n c l uded .  
According t o  Go lds t e in  (1965) ,  f o r  s t e ady  laminar  motion,  f low 
i n  t ubes  i s  approximately e s t a b l i s h e d  a t  x/ (/Rdi/2) = 0.10, i n  which x i s  
t h e  f l o w  e s t a b l i s hmen t  d i s t a n c e  and $3 is  t h e  Reynolds number of t h e  flow. 
S ince ,  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  uns t ead ines s  of t h e  f low is  no t  
s e v e r e  as w i l l  b e  d i scussed  l a te r ,  t h e  f low e s t ab l i shmen t  d i s t a n c e  can be 
e v a l u a t ed  approximately a s  e q u a l  t o  0.009 i n .  and 0.184 i n .  f o r  i = 0.75 
and 15 i n .  / h r ,  r e s p e c t i v e l y .  Hence, i t  i s  apparen t  t h a t  f o r  t h e  3/4- in .  
long  t ub i ng s  e s t a b l i s h e d  laminar  f low w i t h  p a r abo l i c  v e l o c i t y  d i s t r i b u t i o n  
i s  approximate ly  achieved w i t h i n  t h e  l e n g t h  of t h e  t ub e  i f  t h e  f low i s  
approximate ly  s t e ady .  However, f o r  f low corresponding t o  h i gh  r a i n f a l l  i n -  
t e n s i t i e s  t h e  e s t ab l i shmen t  d i s t a n c e  i s  of t h e  same o r d e r  i n  magnitude of 
t h e  t u b i n g  l e n g t h  and consequent ly  t h e  c o r r e c t i o n  f o r  n o nun i f om i t y  f o r  
p r e s s u r e  o r  energy ev a l u a t i on  cannot  b e  neg l ec t ed .  This  a d d i t i o n a l  l o s s  
2due t o  l amina r  f low e s t ab l i shmen t  can b e  expressed  as CLpU  /2, i n  which p 
i s  t h e  d e n s i t y  of t h e  f l u i d ,  U i s  the e s t a b l i s h e d  average  v e l o c i t y  of t h e  
flow i n  the t ube ,  and CL i s  a c o e f f i c i e n t  t o  account  f o r  t h e  e s t ab l i shmen t  
of f l ow  from uniform v e l o c i t y  d i s t r i b u t i o n  a t  t h e  e n t r a n c e  t o  p a r abo l i c  
d i s t r i b u t i o n .  Therefore ,  a t  a d i s t a n c e  x from t h e  e n t r a n c e  of t h e  v e r t i c a l  
t ub ing  i n  which x i s  g r e a t e r  t han  t h e  e s t ab l i shmen t  d i s t a n c e ,  the p r e s su r e  
2l o s s  i n  terms of  pU / 2  i s  
i n  which po i s  t h e  p r e s s u r e  i n t e n s i t y  a t  x = 0 ,  px i s  t h e  p r e s s u r e  i n t e n s i t y  
a t  x, and y i s  t h e  s p e c i f i c  weigh t  of t h e  f l u i d .  
The p re s su re  p a t  t h e  en t r ance  s e c t i o n  of  t h e  t ub ing  is  r e l a t e d  
0 
*I
& 	 0 t h e  dep th  of wa te r ,  h ,  i n  t h e  ra indrop  producer  by ~ e r n o u l l i ' s  p r i n c i p l e  y 
Fig .  
i n  which 	p i s  t h e  a i r  p r e s s u r e  i n  t h e  ra indrop  producer  and a i s  an energy  
a 
f l u x  c o r r e c t i o n  f a c t o r  t o  account  f o r  nonuniform v e l o c i t y  d i s t r i b u t i o n  a t  
t he  e n t r a n c e  s e c t i o n .  The v a l u e  of a i s  u s u a l l y  between u n i t y  f o r  uniform 
v e l o c i t y  d i s t r i b u t i o n  and two f o r  p a r a b o l i c  v e l o c i t y  d i s t r i b u t i o n .  
The va lue  of CL, l i k e  a, i s  a  f u n c t i o n  of v e l o c i t y  d i s t r i b u t i o n  
a t  t h e  e n t r a n c e  s e c t i o n  of  t h e  tube .  It has  been shown t h e o r e t i c a l l y  t h a t  
f o r  uniform en t r ance  v e l o c i t y  d i s t r i b u t i o n ,  C h a s  a  va lue  between 1.115 toL 
1.41. (Rosenhead, 1 9 6 3 ) .  A c c o r d i n g  t o  Zanghaar ( 1 9 4 2 ) ,  t h i s  v a l u e  i s  1 .28 ,  
I f  	t h e  e n t r a n c e  v e l o c i t y  d i s t r i b u t i o n  i s  p a r a b o l i c ,  CL = 0. 
The v a r i a t i o n s  of t h e  va lues  of a and C w i t h  ve ' l oc i t y  d i s t r i b u t i o n  L 
a r e  mutua l ly  compensating i n  n a t u r e .  I n  o t h e r  words,  f o r  l aminar  motion the 
sum of C and a can be  regarded as a cons t an t  a s  a f i r s t  approximationo IfL 

flow s e p a r a t i o n  occurs  a t  t h e  en t r ance  of t h e  t ube ,  f o r  a  g iven  d ischarge  
h igh  v e l o c i t y  w i l l  occur a t  t he  c e n t r a l  reg ion  o f  t h e  c ros s  s e c t i o n  and 
consequent ly  t h e  va lue  of a i n c r e a s e s .  However, s i n c e  h igh  v e l o c i t y  a l r e a d y  
occurs  a t  the  c e n t r a l  r eg ion  of t h e  tube ,  t h e  v e l o c i t y  d i s t r i b u t i o n  a d j u s t -  
ment and t h e  es tab l i shment  d i s t a n c e  t o  achieve p a r a b o l i c  v e l o c i t y  d i s  t r i b u -  
t i o n  w i l l  b e  reduced and consequent ly  t h e  va lue  of CL tends t o  decrease .  
Using Langhaar 's  va lue  f o r  CL )  t h e  sum a + CL i s  equa l  t o  2 .28  f o r  uniform 
e n t r a n c e  v e l o c i t y  d i s t r i b u t i o n .  For p a r a b o l i c  v e l o c i t y  d i s t r i b u t i o n  a t  
the  entrance, a + CL = a = 2.00. 
Thus, from Eqs. 2 and 3, f o r  t h e  e n t i r e  l e n g t h  of the tub ing  

assuming a + CL = 2.28,  t h e  fo l l owing  equa t i on  i s  ob t a ined  r e l a t i n g  t h e  

i n s t a n t a n e o u s  average  tube f low v e l o c i t y  U t o  t he  t i p  p r e s s u r e  g * 
L' 

L I 
i n  which v is  t h e  k inemat ic  v i s c o s i t y  of t h e  f l u i d *  
As d i s cus sed  p rev ious ly ,  t h e  t i p  p r e s s u r e  p L i s  a f u n c t i o n  of the 
s u r f a c e  t e n s i o n  between t h e  l i q u i d  and t h e  tub ing  w a l l  and between t h e  l i q u i d  
and a i r ,  t h e  geometry of t h e  t ub ing ,  and t h e  s i z e  of t h e  drop a t  t h e  moment 
under c o n s i d e r a t i o n .  S ince  t h e  f low from t h e  t ub ing  i s  uns teady  and t h e .  
s i z e  of t h e  drop i s  c o n s t a n t l y  changing w i t h  t ime,  s t r i c t l y  speak ing  dynamic 
s u r f a c e  t e n s i o n  should  b e  used i n s t e a d  of s t a t i c  s u r f a c e  t e n s i o n ,  Rowever, 
because  of l a c k  of  s u f f i c i e n t  i n fo rma t ion ,  i t  i s  assumed t h a t  a t  any i n s t a n t  
t h e  t i p  p r e s s u r e  can b e  approximated by 
i n  which o i s  t h e  s t a t i c  s u r f a c e  t e n s i o n  between t h e  a i r  and t h e  l i q u i d  and 
rd i s  a c h a r a c t e r i s t i c  r a d i u s  of c u r v a t u r e  of t h e  l i q u i d  drop a t  t h e  t i p  
which i s  i m p l i c i t l y  assumed as ax isymmetr ica l .  
From t h e  exper imenta l  o b s e r v a t i o n  i t  was found t h a t  a f t e r  the  very 
f i r s t  few drops ,  t h e  drop format ion  developed from a s m a l l  t ub ing  under constant 
pa and h i s  a p e r i o d i c  phenomenon. Immediately a f t e r  t h e  detachment of  t h e  
p r ev ious  drop from t h e  t i p  of  t h e  t ub ing ,  t h e r e  l e a v e s  a s m a l l  amount of 
l i q u i d  s t i l l  a t t a c h e d  t o  t h e  t i p .  As t h e  accumulat ion of t h e  supply  of 
l i q u i d  d i s cha rged  from t h e  t ub ing  c o n t i n u e s ,  t h e  s i z e  o f  t h e  drop grows 
untilf i n a l l y  i t  becomes s u f f i c i e n t l y  l a r g e  t o  de t ach  i t s e l f  from t h e  t i p  
and t h e  whole process  r e p e a t s  aga in .  
Thus, i t  i s  p l a u s i b l e  t o  assume t h a t  immediately a f t e r  the  de tach-
ment of t h e  prev ious  drop from t h e  t i p  of t h e  t ub ing  a t  t ime des igna ted  by 
t = 0 ,  t h e  shape  of  t h e  l i q u i d  a t  t h e  t i p  can b e  approximated by a hemisphere  
i t h  i t s  d i ame te r  equa l  t o  t h e  d iameter  of t h e  o u t s i d e  d i ame te r ,  do, of t h e  
P $2- tub ing .  Hence a t  t h i s  moment rd = d / 2 ,0 and pL = 4o /d  . 0 Afterwards f o r  a 
96; s h o r t  p e r i od  u n t i l  t h e  t i m e  t = t h e  drop is  assumed t o  grow, w i thou t  
C
g 
&a 
pr changing t h e  magnitude of p t o  a volume equa l  t o  t h a t  of a n  equ iva l en tg L" 
h e r e  hav ing  a diameter  d . From then  on t h e  drop cont inues  t o  grow w i t h  
0 
rd e q u a l  t o  one h a l f  of t h e  d iameter  of t h e  e qu i v a l en t  s phe r e  u n t i l  t h e  
8 
f8 t i m e  t = T when detachment occu r s ,  It should  b e  emphasized h e r e  t h a t  this 
t:f i 
assumption i s  a very much s imp l i f i e d  approximat ion of an extremely compli- 
$$ 

4 

ca t ed  f l u i d  dynamic phenomenon (Edgerton,  Hauser ,  and Tucker,  1937; Manf re,
k t  
vY, 
i 
 196Q), f o r  which no a c cu r a t e  t h e o r e t i c a l  s o l u t i o n  ha s  y e t  been  found. 
[': 
P '  

L, From t h e  assumption f o r  rd, t h e  t i p  p r e s s u r e  is  g.-ii 
ill 
L 
f o r t  > t > O1 
f o r  T > t 2 t, 
1 

i n  which t h e  volume of  t h e  drop V a t  any t ime t is  
t 
S u b s t i t u t i o n  of Eqs, 6 and 7 i n t o  Eq. 4 y i e l d s  
f o r  t lk t > 0 ;  and 
I f  pa,  h, and o a r e  c on s t an t s ,  Eq .  8a g ives  t h e  v e l o c i t y  
f o r  t 2 t > 0. The t ime i n t e r v a l  tl can b e  found by1 

from which 
From t h e  p r e s en t  exper imenta t ion  v iewpoin t ,  t h e  most impor tan t  
pa r ame te r s  a r e  t h e  volume of t h e  produced r a ind rop ,  aZ ,  and i t s  frequency of 
p roduc t io r .  T .  The r a t i o  V/T d iv ided  by t h e  b a s i n  a r e a  covered by each drop 
g ives  t h e  r a i n f a l l  i n t e n s i t y .  It i s  apparen t  t h a t  Y and T are  r e l a t e d  by 
C = l d 2 jT U d t4 i  

The i n s t a n t an eou s  v e l o c i t y  U can b e  found from Eq .  9 with s t epwi se  computation 
of Eq. 8b. Neve r the l e s s ,  a d d i t i o n a l  i n fo rma t ion  i s  neces sa ry  i n  o rde r  
to s o l v e  f o r  t h e  two unknowns -r$ and T i n  Eq. lls 
(B) 	 Raindrop S i z e  and R a i n f a l l  I n t e n s i t y  

The r a ind rop  s i z e  can b e  found independent ly  f ron  t h e  prev ious  
, 

a n a l y s i s  of  t h e  growth of a r a ind rop  by cons ide r ing  t h e  f o r c e  ba l ance  a t  t h e  
i n s t a n t  of detachment.  The c o n t r o l  volume t o  b e  cons idered  i s  t h e  volume 
Vt exp re s sed  i n  Eq. 7 bounded by t h e  p l a n e  con t a in ing  t h e  c ro s s  s e c t i o n  a t  
,I-L- ^C LL, &..LC,, ,A &L.- 1 4 A . . S A - n < a s  -r.n+nv-Fnn*L i l r  LAlJ UL Lklr LUUlllb dllY LAUYIY-aLL LI ILTLILICC .  A t  the moment of detach-
ment, t = T, t h e  volume of t h e  r a ind rop  a s  expressed  i n  E q .  11 corresponds 
t o  t h e  i n t e g r a l  p a r t  of Eq. 7. The f o r c e s  a c t i n g  on t h e  c o n t r o l  volume 
i n c l u d e  t h e  v e r t i c a l  component of t h e  s u r f a c e  t e n s i o n  f o r c e ,  Fs; the we igh t  
of t h e  drop ,  W ;  and t h e  p r e s s u r e  f o r c e ,  P, a c t i n g  on t h e  drop from t h e  
l i q u i d  a t  t h e  t i p  c ro s s  s e c t i o n  of t h e  tub ing .  I n  a d d i t i o n ,  t h e r e  i s  a 
change o f  momentum f l u x  AM. When F i s  g r e a t e r  t han  t h e  sum of W, P, and  
S 
AM, t h e  drop adheres  t o  t h e  tub ing .  A t  t h e  i n s t a n t  of  detachment ,  
The s u r f a c e  t e n s i o n  f o r c e  F can b e  exp re s sed  as 
s 
i n  which 	c i s  a c o e f f i c i e n t  w i t h  i t s  magnitude less than  u n i t y ,  depending 
S 
on t h e  dimension of t h e  t i p  of  t h e  tub ing  and t h e  s i z e  of t h e  drop (Harkins  
and Brown, 1 9 1 9 ) .  The weight  of t h e  drop i s  
A 3 
i n  which the  equ iva len t  ra indrop  diameter D i s  def ined  as 
By assuming t h a t  t he  pressure p L i n  E q .  Q i s  a c t i ng  uniformly a t  the tip 
of t h e  tubing ,  
The change of momentum i s  
I n  which u is  t h e  l o c a l  v e l o c i t y  vec to r  and u i s  i t s  component along the 
g r a v i t a t i o n a l  d i r e c t i o n ,  r is  t h e  r a d i a l  d i s t ance  from t h e  c e n t e r l i n e  of 
t h e  v e r t i c a l  tubing ,  and s is t h e  i n t e r f ace  between air and the l i q u i d  
of t h e  drop.  S ince ,  a t  t h e  i n s t a n t  of detachment, d f ~ / d t  approaches ze ro ,  
t h e  va lue  of the second i n t e g r a l  i n  Eq.  1 7  is  r e l a t i v e l y  small and can be 
neglec ted .  Tr?e first i n t e g r a l  i n  Eq.  1 7  can be evaluated by assuming t h a t  
t h e  v e l o c i t y  d i s t r i b u t i o n  a t  t h e  t i p  s e c t i on  of t h e  tubing  i s  pa rabo l i c ,  
Consequently, 
The v e l o c i t y  UT a t  t = T can b e  computed from Eq.  4 as 
Sub s t i t u t i o n  of t h e  exp re s s ions  f o r  F W,  P ,  and AM i n t o  Eq.  1 2  
s 
y i e l d s  
Thus, D can b e  so lved  from Eqs, 20 and 21  and consequent ly  t h e  volume V 
of t h e  r a ind rop  can be  computed. With t h e  v a l u e  of T known, from Eq.  11 
the f requency  of fo rmat ion  of t h e  r a ind rop  T can t hen  b e  determined.  
To e s t ima t e  t h e  s i z e  of t h e  tub ing  t o  b e  used  t o  produce r a in -  
drops of 0 .14 i n ,  (3.5 mm) i n  e qu i v a l en t  d iameter ,  t h e  momentum f l u  tern 
i n  Eq .  2 1  can b e  neg l ec t ed  as a f i r s t  approximat ion s i n c e  UT Is u sua l l y  
small and b o t h  d .  and do when compared t o  I) are a l s o  small. Hence, by the 
I 

order-of-magni tude  c on s i d e r a t i on  a s  a rough approximat ion,  
With y = 62 . 4  l b / c u  f t ,  o = 0.005 i b / f t ,  and assuming cs = 0.8 arkin ins 
and Brown, l 919 ) ,  Eq .  22 g i v e s  do = 0.049 i n .  f o r  I) = 0.14 i n .  
The tub ing  used i n  t h e  p r e s e n t  i n v e s t i g a t i o n  1s  commercially 
a v a i l a b l e  po lye thy lene  t ub ing  w i t h  0.047-in. 0 .  D. and 0.023-in.  I.D. The 
r a ind rop  s i z e  determined expe r imen ta l l y  i s  0.14 in. which corresponds 
approximately t o  t h e  medium s i z e  by volume- of n a t u r a l  r a i n f a l l  of  5 i n . / h r .  
The maximum i n t e n s i t y  of  r a i n f a l l  that can b e  produced i s  22 in./hr. 
Continuous water  j e t  i n s t e ad  of d i s c r e t e  raindrops occurs when t h e  inten-  
s i t y  is  f u r t h e r  increased .  Nowever, even before  the  continuous water jet  
occurs a t  h igh  r a i n f a l l  i n t e n s i t y  there s t a r t s  a pu l s a t i on  in t h e  drop 
forming process  such that t h e  s i z e  and frequency of t h e  success ive  drops 
are n o t  i d e n t i c a l .  To avoid inaccuracy due t o  such pu l s a t i on  behavior ,  
t h e  exper imenta l  r a i n f a l l  produced by the  raindrop producers i n  t h e  p resen t  
i n v e s t i g a t i o n  should b e  k e p t  within 20 in./hr which i s  h ighe r  than t h e\ 
planned maximum i n t e n s i t y  of 15 i n . / h r .  
Although i n  Eq s .  8 and 11 ins tantaneous  v e l o c i t y  U i s  used t o  
account f o r  t h e  e f f e c t  of uns teadiness  of the flow, it i s  i n t e r e s t i n g  to 
eva l ua t e  t h e  degree of uns teadiness  i n  order  t o  check whether i t  i s  
necessary  t o  in t roduce  an a dd i t i o n a l  term i n  Eq.  8 t o  account f o r  t h e  
p res su re  drop due t o  uns teadiness .  I f  pa a nd  h i n  t h e  box are kep t  
constant, t h e  unsteadiness  of the flow is due t o  the variat ion of pE"  
From Eq .  6 f o r  do = 0.047 i n .  and D = 0.14 i n . ,  t h e  maximum and minimum 
values  of pL are 5.10 and 1 .71  psf  a t  t = 0 and t = T ,  r e spec t i v e l y .  
Therefore,  t h e  v a r i a t i o n  i n  p r e s su r e  head i s  0.65 in. An approximate 
computation a s  w e l l  a s  experimental  observat ion shows t h a t  t h e  value of 
(p /y) + h + L ranges from more than 1 i n .  t o  5 i n .  and the  correspondinga 

r a t i o  of t h e  v e l o c i t i e s  i n  t h e  t ub ing ,  Ut,O /ut=T9 i s  g r e a t e r  than 0 , 5  f o r  
the  range of  r a i n f a l l  i n t e n s i t y  t o  be t e s t ed .  Consequently, t h e  unsteadi- 
ness  e f fec t  is  n o t  very s e r i ou s  and i t  can be  assumed t h a t  the add i t iona l  
p r e s su r e  drop term due t o  uns teadiness  needs no t  be  added t o  Eq .  8. 
( C )  Ef f e c t  of A i r  Compressibi l i ty  on Time Response of Raindrop Producer 
As  mentioned p rev ious ly ,  t h e  raindrop producer i s  only p a r t i a l l y  
f i l l e d  wi th  water  during experiments.  Theref o r e ,  an i n v e s t i g a t i o n  on the 
'-7 
P 
@+ 
", 
7" 
e f f e c t  of c omp r e s s i b i l i t y  of t h e  t r apped  a i r  on t h e  hydrodynamic charac- 
8; t e r i s t i c s ,  p a r t i c u l a r l y  t h e  t ime response  due t o  i n t ended  changes of f l o w  
',h 
r a t e ,  of t h e  r a ind rop  producer  i s  i n  order .  I d e a l l y ,  a t  the i n s t a n t  t h e  
supply of w a t e r  i n t o  t he  r a ind rop  producer  changes,  the  p roduc t ion  of 
r a ind rops  changes accord ing ly  and s imu l t aneous ly .  Unfortunately,  the  
volume change due t o  a i r  c omp r e s s i b i l i t y  and r i g i d i t y  of t h e  ra indrop  
producer  would c on t r i bu t e  t o  a t i m e  de l ay  i n  producing t h e  i n t ended  
r a i n f a l l  f o r  a con t r o l l e d  change o f  wa t e r  supp ly  i n t o  t h e  box. 
A t  a s teady s ta te ,  by c o n t i n u i t y  r e l a t i o n s h i p  t h e  r a t e  of 
-. 
r a i n f a l l  from t h e  ra indrop  p roduce r  i s  s imply e q u a l  t o  t h e  rate of water 
supply  i n t o  t h e  ra indrop  producer .  However, f o r  a sudden i n c r e a s e  of 
t h e  i n f l ow  supply  r a t e  cor responding  t o  an i n t e nded  i n c r e a s e  of  rainfall 
i n t e n s i t y ,  t h e  a i r  p r e s s u r e  pa and wa te r  dep th  h  i n s i d e  t h e  box w i l l  
r, 
,( i n c r e a s e ,  however small, accord ing  t o  Eqs.  9 and l I ,  The volume corres-ki+ 
1 
J&" ponding t o  t h e  change of  dep th  i s  s upp l i e d  by t h e  f low i n t o  the box and 
lI 
14 
t h i s  change i n  volume i s  accomplished i n  a s h o r t  b u t  f i n i t e  t i m e .  The re fo re ,  
$ L  

P 

t h e  a c t u a l  ou tpu t  from t h e  box does n o t  g ive  t h e  d e s i r e d  r a i n f a l l  i n t e n s i t yG
E! 
y o  i n s t a n t l y .  During t h e  t r a n s i e n t  p e r i od ,  t h e  r a i n f a l l  i n c r e a s e s  from the 
rd 
I 
r 
o r i g i n a l  i n t e n s i t y  t o  t h e  new i n t e n s i t y .  Conversely,  f o r  a dec rea se  i n  
@ 
3: r a i n f a l l  i n t e n s i t y  o r  a complete s h u t  o f f  of the supp ly ,  t h e  p r e s su re  p 
8 
-i 
c. and t h e  dep th  h  bo th  dec rea se  and hence an a d d i t i o n a l  amount of water will 
n* 

t L  
be d fa ined  from t h e  box due t o  expansion o f  t h e  t rapped  a i r ,  
a?' 
t+2 The hydrodynamic r e sponse  t i m e  of t h e  r a ind rop  producer  t o  a+, 
,C 

;J change o f  w a t e r  supply i n t o  i t  depends n o t  only on t h e  c h a r a c t e r i s t i c s  of2 

4 
x t h e  box i t s e l f  b u t  a l s o  on t h e  h y d r a u l i c  p r o p e r t i e s  of t h e  wa t e r  supply 
4 
6 ,  
system when t h e  passage of wa t e r  from t h e  d i s t r i b u t i o n  network t o  the  box 
i s  open. I n  o t h e r  words, t h e  r e sponse  t imes t o  t h e  cornencement of r a i n f a l l ,  
t o  t h e  change of r a i n f a l l  i n t e n s i t y ,  and t o  t h e  t e rmina t i on  of r a i n f a l l  a r e  
d i f f e r e n t .  NeverthePess,  by assuming t h a t  t h e  f l ow  c o n t r o l  i s  l o c a t ed  a t  
t h e  p o i n t  of inflow i n t o  the. boxs  an e s t ima t e  of t h e  response  t i m e s  of t h e  
box can b e  made, It is  obvious t h a t  t h i s  assumption i s  ve ry  c l o s e  t o  t h e  
a c t u a l  c ond i t i on  of t h e  box b e i ng  s h u t  o f f  from prcrducing r a i nd r op s  and 
consequent ly  t h e  e s t ima t i on  should  b e  s u f f i c i e n t l y  a c cu r a t e  f o r  t h e  shut-  
o f f  c ond i t i on s  whereas a more r e l i a b l e  e s t ima t e  on beg inn ing  o r  change 
of  r a i n f a l l  should  i n co r po r a t e  t h e  hyd r au l i c  p r o p e r t i e s  of the e n t i r e  
w a t e r  supp ly  system. The e f f e c t  of a i r  c omp r e s s i b i l i t y  i s  d i s cu s s ed  
h e r ew i t h  whereas t h e  e f f e c t  due t o  r i g i d i t y  of the box w i l l  b e  d i scussed  
later.  
For  t h e  r ange  of r a i n f a l l  i n t e n s i t y  t o  be  t e s t e d ,  t h e  d i f f e r e n c e  
i n  p r e s s u r e  between t h e  t rapped  air i n  the box and the a tmospher ic  pressure 
o u t s i d e  t h e  box i s  s m a l l .  The re fo re ,  t h e  a i r  i n s i d e  can b e  assumed t o  
behave as a p e r f e c t  gas  under i s o t h e rma l  p rocess .  Thus, f o r  a change of 
a i r  p r e s s u r e  i n  t he  ra indrop  producer from p al t o  pa2'  t he  a i r  density 
changes from p t o  p 2  accord ing  t o  t h e  fo l lowing  r e l a t i o n s h i p :  
1.4

'a2 'atmo -
-
2+ 
'a1 'atmo <)+ 
i n  which p i s  t h e  a b so l u t e  a tmospheric  p r e s s u r e .  The corresponding 
atmo 
change of volume of t h e  t r apped  air ins ide  t h e  box i s  
The volume 3 - aZ1 of wa te r  i s  t h e  c on t r i bu t i on  of air comp r e s s i b i l i t y  i n  
caus ing  a tine de lay  i n  response .  
To o b t a i n  a conse rva t i ve  e s t i m a t e  on t h e  e f f e c t  of  a i r  compress- 
i b i l i t y ,  t h e  change of p r e s s u r e  i s  assumed t o  b e  from -4 i n .  t o  4-5 in. 
of wa te r  f o r  t h e  wors t  c a se  of a sudden change of r a i n f a l l  i n t e n s i t y  from 0 
t o  15 i n , / h r .  By assuming p = 2116*2 p s f ,  'the change of a b s o l u t e  
atmo 

p r e s s u r e  i s  from p = 2115.8 ps f  t o  pa2 = 2118,4 p s f .  Consequently, 

a1 
Y-2/V1 = 0.9996; i . e . ,  t h e  a i r  volume change i s  l e s s  t han  0.04%. 
Assuming t h a t  t h e  r a ind rop  producer  is h a l f  f i l l e d  w i t h  a i r ,  the  
cor responding  volume of  a i r  i n  t h e  box i s  approximately 268 cu i n ,  The 
change of  a i r  volume due t o  an a i r  p r e s s u r e  change from -1 i n ,  t o  +5 i n ,  
-3is 1,l cu i n ,  S ince  t h e  volume of each 0,14-in,  drop is 1 ,42  x 10 cu i n ,  
and t h e r e  are 576 c a p i l l a r y  t u b i n g s  p e r  r a ind rop  p roduce r ,  t h e  1,1cu  i n .  
volume change due t o  a i r  c o m p r e s s i b i l i t y ,  on t h e  average ,  produces  1 . 3  
drops p e r  t ub ing  a f t e r  t h e  w a t e r  supply  t o  t h e  box i s  s h u t  o f f .  Thus, i t  
can b e  concluded t h a t  t h e  e f f e c t  of a i r  c o m p r e s s i b i l i t y  on t h e  accuracy o f  
expe r imen ta l  r a i n f a l l  i s  n e g l i g i b l eg  
Apparen t ly ,  t o  e l i m i n a t e  completely  t h e  e f f e c t  of a i r  compress- 
i b i l i t y  on exper imenta l  accuracy ,  t h e  box should  b e  f i l l e d  f u l l  wi th  w a t e r ,  
However, t h i s  approach i s  n o t  adopted i n  t h e  p r e s e n t  s tudy  because of the 
fo l lowing  two reasons : 
(a )  As mentioned above, t h e  e f f e c t  o f  a i r  c o m ~ r e s s i b i l i t y  on 
t h e  accuracy o f  exper iments  i s  n e g l i g i b l e .  
(b)  A s  shown i n  Eqs. 9 ,  11, 20, and 21, i f  t h e r e  i s  no a i r  
cushion i n s i d e  t h e  r a ind rop  producer ,  t h e  s i z e  and frequency of fo rmat ion  
of r a i n d r o p s  would be d i r e c t l y  a f f e c t e d  by t h e  p r e s s u r e  f l u c t u a t i o n  of 
t h e  w a t e r  supply  l i n e .  Consequently,  it would b e  more d i f f i c u l t  t o  c o n t r o l  
t h e  un i fo rmi ty  of t h e  s i z e  and f requency  of t h e  drops  if t h e  box were f i l l e d .  
( c )  In  o r d e r  t o  b l e ed  a i r  out  from t h e  box i n  ca se  of a comp l e t e l y  
f i l l e d  box, an a i r  b l eed ing  dev i ce  i s  neces sa ry  f o r  each box. However, f o r  
the  400 r a i nd r op  producers  used ,  t h e  corresponding expenses  and a d d i t i o n a l  
o p e r a t i o n  f o r  exper iments  do not  appear  t o  be  j u s t i f i e d  cons ide r ing  t h e  s m a l l  
e f f e c t  of a i r  compres s ib i%i tye  
(D) E f f e c t  of R i g i d i t y  of Raindrop Producer  
The r a ind rop  producers  deform under t h e  pressure of air arid water 
i n s i d e  t h e  box. The e f f e c t  o f  r i g i d i t y  of the r a ind rop  producer  on t i m e  
r e sponse  i n  producing r a i n f a l l  i s  s i m i l a r  t o  t h a t  due to air compressi-
bf l i t y .  For an i n c r e a s e  i n  r a i n f  all i n t e n s i t y ,  t h e  p r e s s u r e  i n s i d e  the box 
i n c r e a s e s  and consequent ly  the  box expands,  The re fo re ,  a sma l l  moun t  of 
wa t e r  supp ly ing  the box i s  s t o r e d  i n s t e a d  of becoming r a i nd r op s  so  that 
the cont inui ty  requirement  i s  s a t i s f i e d ,  Likewise,  f o r  a d e c r e a s e  o r  
cessation of  r a i n f a l l  i n t e n s i t y  t h e  box w i l l  s h r i n k  and hence some addi-
tional r a i nd r op s  w i l l  b e  produced a t  a delayed time, 
An e x a c t  mathematical  soZention t o  p r e d i c t  t h e  deformat ion s f  t h e  
r a i nd r op  p roduce r  due t o  p r e s s u r e  i n  i t  cannot  be  found. However, the 
he igh t  of  t he  box i s  r e l a t i v e l y  much smaller than i ts  h o r i z o n t a l  dimensions 
and t h e  t h i c kne s s  of t h e  walls of the box i s  a c on s t an t  of 3/8 i n .  Therefore, 
a r e a sonab l e  assumption can b e  made by assuming t h a t  t h e  c l e foma t ion  c o n s i s t s  
of mainly the d e f l e c t i o n  of  t h e  top  and bottom p l a t e s  under uniform pressure 
and the rest of  t h e  box i s  s t r u c t u r a l l y  r i g i d ,  
By cons ider ing  the t op  and bottom p l a t e s  of t h e  box as uniform 
thickness homogeneous squa re  p l a t e s  w i t h  r i g i d  edges ,  from Appendix I ,  t he  
change o f  volume due t o  uniform p r e s s u r e  p on each p l a t e  i s  
i n  which L = 24 i n . ,  b = 3 / 8  i n . ,  and p i s  i n  p s i .  Again, cons ide r ing  t h e  
wors t  c a s e  o f  a change of r a i n f a l l  i n t e n s i t y  from 15 i n . / h r  t o  0 wi th  t h e  
assumed cor responding  change of p r e s s u r e  from 5 i n ,  $0 -4. i n o, the ranif o m  
a i r  p r e s s u r e  p a c t i n g  on t h e  top  p l a t e  which produces a change of volume 
i s  0 . 2 1 9  p s i .  Assuming that the box i s  half f i l l e d  w i t h  wa t e r ,  t h e  corres-
ponding uniform p r e s s u r e  on t h e  bot tom p l a t e  i s  0.235 p s i .  Thus, from 
Eq .  25, A-fF due t o  t h e  t op  p l a t e  is 6 .41  cu i n .  and t h a t  due t o  the bottom 
p l a t e  i s  6.95 c u  i n .  The t o t a l  volume change due t o  r i g i d i t y  o f  t h e  box 
is  1 3 . 4  cu  i n .  For t h e  0 .14- in ,  d rops ,  t h i s  amount corresponds t o  940 
d r o p s ,  o r  an  average of  1 6 . 3  d rops  p e r  capiPPary t ub ing ,  
The t o t a l  change of  volume of  wa te r  i n  t h e  r a ind rop  producer  
due t o  a i r  c omp r e s s i b i l i t y  and r i g i d i t y  of t h e  box f o r  a change of 
p r e s s u r e  from 5 i n .  t o  -1 i n .  of wa t e r  i s  1 3 . 4  + 1.1 = 14.5 cu i n . ,  o r  
0.0252 i n .  dep th  of  wate r .  For a 15-in.  f h r  r a i n f a l l ,  t h i s  dep th  cor res -
ponds t o  a t i m e  o f  6.0 s e c ,  The a c t u a l  de l ay  t ime is  longer  s i n c e  t h e  
f l ow  i s  a c t u a l l y  unsteady,  
(E) Hydrodynamic S t a b i l i t y  Problems and Module Modi f ica t ion  
Four ra indrop  producers  form a module. Each r a ind rop  producer i s  
connected t o  a common water c on t a i n e r  by a 40-in. longL3/8-in.  I.D. poly-
e t hy l en e  t ub e  f o r  wa t e r  supply .  For t h e  o r i g i n a l  v e r s i o n  of t h e  boxes a s  
d e s c r i b ed  e l sewhere  (Chow and Harbaugh, 1965) ,  a hydrodynamic s t a b i l i t y  
problem is developed when the  flaw rate from t h e  container t o  t h e  ra indrop  
producers  i s  r e l a t i v e l y  low. At low r a i n f a l l  i n t e n s i t i e s ,  one of t h e  f o u r  
3/8-in.  po lye thy l ene  tubes  may b e  f i l l e d  w i t h  a i r  and has  no f low whi le  the 
o t h e r  t h r e e  t ubes  a r e  f l awing ,  sometimes a t  unequal  rates. In t h e  early 
s t a g e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  a r e s t r i c t i o n  p lug  was i n t roduced  a t  
t h e  end of  each  of  t h e  f o u r  3/8-in.  tubes  t o  i n c r e a s e  t h e  p r e s s u r e  l o s s  of 
t h e  f low and consequent ly  suppressed  t h e  hydrodynamic s t a b i l i t y  problem. 
But as a r e s u l t  of l a r g e  energy l o s s ,  t h e  system could produce a maximum 
rainfal l .  of 7 rln./'nr i n s t e a d  of 15 i n . / h r  as d e s i r e d ,  The re fo re ,  a modif ica-
t i o n  of t h e  o r i g i n a l  v e r s i on  of t h e  r a i nd r op  producers  was i n  o r d e r .  
Ba s i c a l l y ,  t h e  mod i f i ca t i on  i nvo lves  p r even t ing  the o u t l e t  of t h e  
3/8-in.  po lye thy l ene  tube  from be ing  exposed t o  the  a i r  i n s i d e  the box s o  
that no a i r  can g e t  i n t o  t h e  3/8-in. tube.  A 4-in. d iameter  h o l e  i s  c u t  a t  
t h e  c e n t e r  o f  t h e  3/8-in.  t h i c k  t o p  p l a t e  of t h e  box. A cup, c e n t r a l l y  
l o c a t e d  and a c t i n g  a s  a r e s e r v o i r ,  i s  t hen  glued by t h r e e  s m a l l  ears a t  120° 
apart t o  t h e  t op  p l a t e  (Fig .  5 ) .  The p l e x i g l a s s  cup is  3/4-in.  deep,  2.5-in. 
I , D . ,  and 3-in, O .D ,  A 3-1/4 in .  diameter  1/8-in. t h i c k  p l e x i g l a s s  p l a t e  i s  
g lued  t o  t h e  3-in. O.D. c y l i nd e r  t o  form t h e  bot tom sf t h e  r e s e r v o i r .  A19 
edges of  t h e  cup are rounded w i t h  sand paper  f o r  smooth f low.  The Power 
s i d e  of  t h e  1/8- in .  bottom p l a t e  of t h e  cup i s  l o c a t e d  a t  l / 4  i n .  above t h e  
t op  s u r f a c e  of the 3/8-in. bot tom p l a t e  of t h e  box f o r  unobs t ruc t ed  flow 
passage  t o  t h e  0.023-in. t ub ings  under the cup. 
S ince  t h e r e  i s  a 9/2-in. wide annu la s  gap between t h e  t o p  of t h e  
i 
box a nd  the o u t e r  s u r f a c e  b f  the  s i d e  wall of t h e  cup,  water f lows  ou t  from 
t h e  cup th rough  i t s  rounded and l e v e l ed  c r e s t  of t h e  s i d ewa l l  i n t o  t he  box, 
The t h r e e  ears hold ing  t h e  cup t o  the box a r e  1 /4 - in .  wide each w i t h  rounded 
edges t h ey  impose minimum ob s t r u c t i o n  t h e  flow from t h e  cup. The 
extended s k i r t  of  t h e  bottom p l a t e  of t h e  cup beyond its s i d e  w a l l  i s  t o  
minimize t h e  wave induced by t h e  f low from the cup and t o  make po s s i b l e  t h e  
wate r  supp ly  i n t o  the box more uniform, 
Atop of  t h e  4-in. h o l e  sf t h e  top  p l a t e  of t h e  box i s  a  1- in ,  h i g h  
p l e x i g l a s s  c i r c u l a r  r i ng ,  4-in. I . D . ,  4-l /2-in.  O.D, S ix  e a r s ,  each 1/2-in. 
h i gh ,  approximately 3/4-in. long c u t  f r om  4-1/2-in. I.D. 5-1/2-in. O.D. 
p l e x i g l a s s  tube ,  a r e  glued t o  t h e  4-in. I . D .  p l e x i g l a s s  r i n g  a t  60' a p a r t .  
>L 
 Each ear 	has a ho le  f o r  a 118-in6 b r a s s  screw. 
Y A p l e x i g l a s s  top,  3/8-in. t h i ck ,  5-1/2-in. diameter  wi th  s i x  holes 
, 
f o r  I/%-in. screws i s  fas tened  t o  t h e  box through t h e  ea r s  by t h e  screws. A 
4-in. I. D a  rubber  O-ring 3/16-in. t h i ck  i s  p laced  on t o p  o f  the  4-in. p l e x i -
g lass  r i n g  under t h e  5-1/2-in. diameter  top and pressed  t o  1/8-in. th ickness  
f o r  a i r  t i g h t .  A p l e x i g l a s s  tube ,  1/4-in. I . D . ,  3/8-in. O.D. and approxi- 
mately 2 	in, long i s  glued v e r t i c a l l y  through t h e  cen te r  of t h e  5-l/2-in. 
f " 
i* top s o  t h a t  i t s  lower end i s  a t  l /4 - in .  below t h e  c r e s t  of t h e  cup. The top  
of the 1/4-in.  I o D a  tube  is  s l i g h t l y  p ro jec t ed  above t h e  top  of the  5-l/2-in.
* -
J 

p l e x i g l a s s  top  and i s  glued by c l e a r  epoxy t o  a 4-in. long v i n y l  tube of 
9%
61 
E i ) c 	 1/2-in.  O.D. and 3/8-in. I . D .  The o t h e r  end of t h e  v i n y l  tube  i s  connected 
i'< 
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i,,6 
t 	 t o  t h e  40-in. long ,  3/8-in. I . D .  polyethylene tube which i s  i n  t u r n  connected 
to  the common water  container f o r  t h e  fou r  raindrop producers 'of each module. 
The use  of t h e  4-in, long v i n y l  tube i s  t o  provide f l e x i b i l i t y  i n  handling 
and t o  avoid undue s t r e s s e s  on t h e  p l e x i g l a s s  tube. 
gc, 	 A l l  t h e  connections and j o i n t s  of t h e  p l e x i g l a s s  ra indrop  producer  
I 

(r  	 are glued t o g e t h e r  a i r  t i g h t  w i th  f a s t  s e t t i n g  a c r y l i c  cement, t rade  no. 
i 

CADCO PROD. No. 125, except  t h e  connection of  the  5-112-in. diameter t op  
t o  t h e  4-in. diameter r i n g  which i s  made by screws and O-ring a s  previous ly  
descr ibed ,  
i -	 With the  lower end of t he  1/4-in.  I . D .  p lexiglass  supply t u b e  lo-
f 
ca ted  a t  1/4-in.  below t h e  c r e s t  of  t h e  cup, when the  cup i s  filled w i t h  
water the lower end of t h e  l / 4  i n .  tube i s  submerged and sealed from entra in-
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g 
& 	
m a t  of t h e  a i r  trapped i n  t h e  box. Consequently, t he  i n s t a b i l i t y  problem 
3"
B 

fi+ 	 of  unequal f l m  r a t e  i n t o  t h e  f o u r  raindrop producers  of each module i s  
It should  be mentioned h e r e  that an i n s t a b i l i t y  problem of t h e  same 
nature i s  a l s o  developed f o r  the  produc t ion  of r a ind rops  from t h e  Oe047-in, 
O.D.  t u b i ng s  at very l o w  r a i n f a l l  i n t e n s i t y .  F u r  the 576 tubings i n  each 
r a i nd r op  producer ,  t h e  sequence of producing r a i nd r op s  from these tubings i s  
random. A t  the i n t e n s i t y  of approximately 2 in./hr or h ighe r ,  the frequency 
of produc ing  r a ind rops  from t h e  tub ings  i s  about the same and hence  the 
rainfall can be  cons idered  as uniforrn f o r  each box. However, f o r  very  low 
r a i n f a l l  i n t e n s i t y ,  a hydrodpamic  i n s t a b i l i t y  phenomenon occurs  such  that 
some o f  the t ub ings  may have much longer f requency i n  producing drops  o r  
may produce no drop a t  a l l  whi le  the  o the r  t ub ings  are producing ra indrops  
a t  a much higher f requency t han  t h e  average r a t e .  The i n s t a b i l i t y  charac-
t e r i s t i c s  of this ra indrop  producing p roces s  as w e l l  as t h e  i n s t a b i l i t y  of 
the  supply  o f  wa t e r  of the f o u r  ellbes i n t o  tlae f o u r  boxes a r e  o f  a n a t u r e  
s i m i l a r  t o  that of f l u i d  amp l i f e r s .  S ince  there  a r e  no s imp l e  inexpensive 
ways t o  correct t h i s  problem, the  r a i n f a l l  intensity should be h igher  than 
2 in./hr .  i n  o rde r  t o  ach ieve  the un i fo rmi ty  of rainfall from the  producers .= 
HV-3, E l e c t r o n i c  D i g i t a l  Valve Assemblies 
In t h e  WES, f ou r  hundred 2 f t  by 2 f t  r a i nd r op  producers  are used 
t o  cover  t h e  en t i r e  40 f t by 40 f t  l a bo r a t o r y  basin. Every adjacent four  
r a i nd r op  producers  a module t o  cover an area of 4 f t by 4 ft s o  t h a t  
t h e r e  are 100 modulc?s t o  cover  t h e  e n t i r e  basin. Each module cover ing  a 
squa re  area of  16 sq f t  can b e  o p e r a t e d  and c o n t r o l l e d  independent ly  so  that 
r a i n s t o m  of nonuniform i n t e n s i t y  d i s t r i b u t i o n ,  d i f f e r e n t  du r a t i on s ,  and 
d i f f e r e n t  r a i n s t o rm  movement p a t t e r n s  can b e  s imula ted .  As described in 
the  p reced ing  s e c t i o n ,  f o u r  3/8-in.  po lye thy lene  t ub e s  are used t o  connect 
t h e  four r a i nd r op  producers  o f  a module t o  a common wa t e r  supply  con t a ine r .  
$& 
6#%;& Fig- 7. Electronic d i g i t a l  va lve  assembly (EDVA) . ( a )  Photographic v iew 
w@ 
d@, 
This wa te r  con ta ine r  con t ro l  system is  c a l l e d  the  E l e c t r on i c  D i g i t a l  Valves 
Assembly (EDVA) . 
The EDVA c on s i s t s  of -?zwca r e s e r v s i r s  connected by f o u r  independent 
f l o w  passages wi th  d e t a i l s  shown i n  Fig. 7 .  The downstream r e s e rvo i r  i s  a 
4-in. high, 4.75-in. I . D . ,  5-in. O.D. p l ex i g l a s s  cylinder with two 6-in. 
diameter  5/16-in. t h i ck  aluminum p l a t e s  used as  t h e  end p l a t e s .  The top 
aluminum p l a t e  which i s  a t  the discharge  s i d e  of t h e  r e s e r v o i r  has four  
5 /&in .  ho le s  90' a p a r t  loca ted  a t  25/32 i n .  from t h e  cen te r .  Each ho le  
i s  threaded t o  fit with a Swagelok b r a s s  f i t t i n g  t o  connect t o  t h e  3/8-in. 
I m D a  112-in. O.D. polyethylene tube t o  supply water  t o  t h e  ra indrop  pro- 
ducers .  The bottom aluminum p l a t e  a l s o  has fou r  threaded ho l e s ,  l / 2 - in .  
d iameter ,  90° ap a r t  and loca ted  a t  1 .75 i n .  from t h e  a x i s  of t h e  cy l inder .  
The upstream r e s e rvo i r  i s  a 2-in. high 4.75-in. I . D . ,  5-in. O.D.  
p l ex i g l a s s  cy l i nde r  wi th  two aluminum p l a t e s  used a s  t h e  ends. The bottom 
aluminum p l a t e  which is a t  the  inf low s i d e  of t h e  r e s e r v o i r  has  a threaded 
1-in. ho l e  f o r  a 314-in. PVC elbow t o  connect t o  t h e  314-in. I . D .  poly-
e thy lene  tube f o r  water  supply from the d i s t r i b u t i o n  pipeline network. The 
top aluminum p l a t e  has  fou r  threaded 1/2- in .  ho les  loca ted  90' apart  and 
1.75 i n ,  from t h e  axis of t h e  cy l inde r .  
Each of  t h e  f ou r  flow passages connecting t h e  two r e s e rvo i r s  
con s i s t s  of  a Swagelok b r a s s  f i t t i n g  connected t o  a so leno id  valve and 
then ano the r  b r a s s  f i t t i n g  which houses a p l a s t i c  De l r in  rod. The upstleeam 
Swagelok b r a s s  f i t t i n g  has i t s  one end threaded i n t o  the 1/2-in. ho le  of 
t h e  top aluminum p l a t e  of t h e  lower (upstream) cy l inde r  w i t h  i t s  end 
f lushed  w i t h  t h e  i nne r  s u r f a c e  of t h a t  aluminum p l a t e .  The o t h e r  end of 
t h e  Swagelok f i t t i n g  i s  threaded i n t o  t h e  1/4-in. diameter  in take  o r i f i c e  
of a so leno id  valve. The so lenoid  valve i s  opera ted  by e l e c t r i c  magnetic 
1 / 4 "  cb ho les  

f o r  screws 

86-32 PHP screws 1/2" 
long #6 INT t o o t h  lock 
washer 
th read  a t  b o t h  ends f o r  j '
#6-32 screws 
3/8" $I p l a s t i c  DEbRlN RO 
1/4" (p rod, 2" 
l ong  female thread 
a t  both ends 
f o r  #6-32 screws 
p l e x i g l a s s  cyl l n d  
I . D .  1/8" t h i c k w  
F ig .  7. Electronic d i g i t a l  valve assembly ( E D V A ) .  
O-r ing,  4.75" I . D .  1/8" 
1/2" h o l e  threaded f o r  

Swage 1 ok 3/8"- 1 /4" 

Buckhead male connector 

No. 600- 1 1 - 4 

Swage 1ok 1 /4"- 3/8" ma 1e 
connector  No. 600- 1 -4  
Swagelok 3/8"-1/4" adaptor  
1/2" hole threaded for  
Swage l ok adaptor  
1/4" ho les  f o r  U bolts 

t o  suppor t  EDVA 

3/8" 4 p l a s t i c  Dslrin 
No. Length Hole s i z e  
Screw jack f o r  e l e c e r l  c 
leads fas tened  by PHP 
screw #4-40- 1/2" long 
- #6 INT. t o o t h  lock  washer 
( b )  Details 
4 6 8 
INTENSITY, IN./HR 
F i g .  7 .  E l e c t r o n i ~d i g i t a l  v a l v e  assembly ( EDVA ) .  
( c )  Cal ib r a t i on curve 
closed.  A second Swagelok b ras s  f i t t i n g  is threaded i n t o  the  
female th read  of t h e  114-in. diameter  discharge o r i f i c e  of t he  solenoid 
valve. This Swagelok f i t t i n g  i s  f i t t e d  through the  l / 2 - in .  ho le  a t  the  
bottom of t h e  upper (downstream) r e s e r v o i r  by threads  and pro t ruded 1 in .  
above t h e  i n n e r  s u r f a c e  of t h e  bottom p l a t e  of t h e  r e s e r v o i r .  
A 3/8-ino d i a m e t e r  p l a s t i c  Del r in  rod  is  housed i n  t h e  downstream 
$,6 end of t h e  second SwagePok f i t t i n g .  A smal l  ho le  i s  d r i l l e d  c e n t r a l l y  
p through t h e  e n t i r e  l eng th  of each rod.  The lengths  and h o l e  s i z e s  of t h e  
a s t i c  DeSrin rods f o r  t he  f o u r  flow passages connecting t h e  two r e s e r v o i r s  
g, p, a re  d i f f e r e n t .  They a r e  r e s p e c t i v e l y  1/8, 5 / 6 4 ?  3/64, and 1/32 inches i n  
ho le  diameter  and 1 /2 ,  P-P1/16, 1-13/32, and 1-7/32 inches  i n  length .  These 
1 3 dimens i o n s  were de t e m i n e d  exper imenta l ly  by t r i a l - and-e r ro r  such t h a t  under  
g1ir 
It a cons tant  p re s su re  d i f f e r e n c e  of 1 2  p s i  between t h e  upstream and downstream 
k, 

8 r e s e r v o i r s  t h e  flow r a t e s  of t h e  fou r  passages a r e  r e s p e c t i v e l y  2 .6  x 18-3 , 

p
r" t i o n  of t h e s e  fou r  independent f law passages,  15 d i f f e r e n t  r a i n f a l l  inten-L? 

si t ies  can be generated f o r  experimental  purposes. 
The purpose of producing a l a r g e  p res su re  l o s s  of 1 2  p s i ,  o r  2 9 . 7  ft 
of wa te r ,  through t h e  Del r in  tubes i s  t o  provide s u f f i c i e n t  experimental 
accuracy i n  r a i n f a l l  i n t e n s i t y  c o n t r o l ,  I d e a l l y ,  t h e  h ighe r  t h i s  pressure  
l o s s  i s ,  t h e  l e s s  t h e  e f f e c t  of t h e  variat ' ion of head l o s s e s  elsewhere i n  t h e  
supply f low system on the  accuracy of t h e ' r a i n f a l l  i n t e n s i t y .  For example, 
fQ the  k i n e t i c  energy of  t h e  water  i n  t h e  r e se rvo i r s  i s  r e l a t i v e l y  n e g l i g i b l e  $ 
b[i 
d compared t o  t h e  p o t e n t i a l  energy due t o  12 p s i  p re s su re .  However, t o o  high
r4 
3.' 
E-
f a p r e s s u r e  l o s s  i s  a l s o  undes i r ab le  s i n c e  i t  r e q u i r e s  a l a r g e r  pump and a l s o  6
8 

g8 
i t  may exceed t h e  1 5  ps ig  l im i t  of the so l eno id  v a l v e s  used.  Therefore ,  t h e  
1 2  p s i  v a l u e  was recommended f o r  normal ope ra t i on .  For t h e  p r e s s u r e  range  
from 10 t o  1 4  p s i ,  t h e  p re s su re -d i scha rge  re la t ionsh ip  i s  linear with 10% 
change i n  head producing a 5% change i n  discharge. 
The so l eno id  valves used i n  t h e  EDVA'S are manufactured by the 
h t o n a t i c  Svitch Co. (ASCO) , Medel ULB ( n r i g i na l l y  LMX) 826213, 114 in. x 
1 / 4  in. i n t a k e  and o u t l e t  s i z e  w i t h  a s t r o ng  s p r i n g ,  Pa r t  no. 55-777. The 
ASCO s o l e n o i d  va lves  a r e  r a t e d  as 10 w a t t s  28  VDC w i t h  a nominal  p r e s su r e  
r a nge  0-15 p s i g .  With 100 r a i n f a l l  modules there are 400 s o l eno i d  valves 
and each one is  operated independently through the command and DC power 
supp ly  from t h e  In t e r f ace -Con t ro l  Console which will be d i s cu s s ed  in t h e  
r a i n s t o rm  s imu la t i on  l o g i c  i n  Sec t i on  VI -4 .  The e l e c t r i c  c o l o r  w i r i ng  code 
f o r  each  EDVA and t h e  numbering sys tem f o r  the 100 EDvA's are shown i n  Fig. 8. 
PV-4, Supe r s t r u c t u r e  
The s u p e r s t r u c t u r e  s uppo r t i ng  t h e  r a i nd rop  p roduce r s ,  t h e  EDVA'S, 
and t h e  p i p e s  of the d i s t r i b u t i o n  network i s  a s t ee l  structural system of  
j o i s t s ,  beams, cab l e s ,  and a c c e s s o r i e s  (F ig .  9 ) .  The b a s i c  design c r i t e r i a  
of t h e  s u p e r s t r u c t u r e  system are t h a t  (a) i t  shou ld  b e  s t r o n g  enough t o  
s uppo r t  t h e  l oad  of t h e  modules and the d i s t r i b u t i o n  network filled with water 
weight  o f  working personnel  c a r r y i n g  s imple  t o o l s  and conducting i n s p e c t i o n ,  
maintenance and r e p a i r i n g ,  and t h e  dead load  o f  t h e  s t r u c t u r a l  members; 
(b) du r i ng  an experiment,  the de f l e c t i on  of t h e  r a i nd rop  producers  from 
be i ng  leveled should be s u f f i c i e n t l y  s m a l l  s o  t h a t  t h e  un i fo rmi ty  of 
r a i n f a l l  intensity f o r  each producer  o r  each module would n o t  be a f f e c t e d ;  
(c) t h e  r a ind rop  producers  shou ld  be a b l e  t o  be r a i s e d  o r  lowered w i t h i n  a 
c e r t a i n  l i m i t  and easy  f o r  rep lacement ;  and (d) t h e  s t r u c t u r a l  members 
shou ld  be  a r ranged  i n  such  a manner t h a t  i t  would b e  easy f o r  maintenance,  
LEGEND 
EDVA Number 21 
Approximah Mi r e  
Length t o  Console ( I o 3 )  
5-0 
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Typical EDWA Wir ing  D i a g r am  
F i g .  8. Wiring for EDVA 
r e p a i r i n g ,  and mod i f i ca t i on  of t h e  WES components w i t h i n  t h e  a l lowable  space  
1ITni.t. 
A g e n e r a l  view of the s u p e r s t r u c t u r e  is  shown i n  P ig .  9a. Each 
r a ind rop  producer  is  wrapped around by two L/2-in.  w i d e  commercially a v a i l -  
a b l e  packing  b l a c k  nylon s t r a p s  which a r e  connected t o  a turn  buckle .  The 
t u r n  buck l e  i s  b o l t e d  t o  a s t e e l  frame c a l l e d  module ho lde r  (Fig. 9b) .  T h i s  
nylon s t r a p -  turn buckle  arrangement makes p o s s i b l e  ea sy  adjus trnent of eleva-
t i o n  and l e v e l i n g  o r  replacement  of the r a ind rop  producers .  The module 
h o l d e r  i s  each  a s t e e l  frame 8 ft by 8 f t  i n  s i z e  as shown i n  F ig .  9b for 
d e t a i l s .  Four 4-in. channels  were welded t oge t h e r  t o  form t h e  square  frame 
and three p a i r s  of I beams were welded t o  t h e  channels  a t  2 - f t  spac ings .  
The module h o l d e r  pos se s se s  t h e  r equ i r ed  s t r e n g t h  t o  carry the l i v e  load  
of moving pe r sonne l  us ing  sma l l  equipment f o r  inspection and maintenance 
of the system. A 2-in. channel  was l a t e r  bo l t e d  on a c r o s s  t h e  I beam t o  
minimize s t r u c t u r a l  d e f l e c t i o n .  Each module ho lde r  suppor t s  16 ra indrop  
producers .  The EIIVA's a r e  f a s t e n ed  by U-bolts t o  318" s t e e l  rods which 
a r e  welded t o  the module ho l d e r .  
Each module ho lde r  i s  suspended by f ou r  1 /4- in .  s t e e l  cables t o  
j o i s t s  s o  t h a t  i t  can be  r a i s e d  o r  lowered i f  necessary .  Six s t e e l  j o i s t s  
24 J7 ,  44'-7"  long ,  a r e  running l a t e r a l l y  a t  8-ft spac ings  with ends 
suppor t ed  by two 8 WF31 beams. 
Two 8 WF3l columns, 11'-10" h igh  l o c a t ed  a t  8 '  from t h e  upstream 
and downstream edges,  r e s p e c t i v e l y ,  are bo l t e d  t o  each  of  t h e  8 WF3l beams 
t o  form a p o r t a l  frame w i t h  double  overhanging beam. The h e i g h t  of t he  
columns, and consequent ly  t h e  d i s t a n c e  between the ra indrop  producers  and 
the b a s i n  s u r f a c e ,  a r e  r e s t r i c t e d  by t h e  space  a v a i l a b l e .  I d e a l l y ,  t he  
r a ind rop  producer  should b e  l o c a t e d  a t  a h e i g h t  above t h e  b a s i n  s u r f a c e  
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Fig .  9. 	 Superstructure s u p p o r t i n g  raindrop producers and water 
distribution network. ( f )  Calumn f o o t i n g  
t h a t  t h e  r a ind rops  can ach i eve  t h e i r  t e rm ina l  f a l l  v e l o c i t y  and shape ,  
For  t h e  & lh- in .  e qu i v a l en t  d iameter  drops used in t h e  present s t u d y ,  t h e  
d i s t a n c e  t o  reach  i t s  t e rm ina l  fall velocity i s  approximately 34 
f t  a f t e r  r e l e a s e d  f o r  f r e e  f a l l  a t  ze ro  i n i t i a l  v e l o c i t y .  However, t h e  
height  of t h e  room where t he  WES i s  l o c a t e d  is  on ly  14'-1". With the b a s i n  
su r f ace  a t  la -10"  above t h e  ground l e v e l  and a minimum space  of 4 f t between 
t he  c e i l i n g  and t h e  top  of t h e  4 - b .  s t e e l  channels  of the module ho lde r s  f o r  
s p e c t i o n ,  maintenance,  r e p a i r i n g ,  and i n s t a l l a t i o n  of  l i g h t i n g  equipment,  
$ 
g t he  optimum h e i g h t  o f  the 8WF3l column was decided t o  b e  11'-10". The g 
8 

5 tom s u r f a c e  of  t h e  r a ind rop  producers  is  then  l o c a t e d  a t  an e l e v a t i o n  6 

5 7 ' - 9 "  above t he  l e v e l e d  b a s i n  s u r f a c e ,  With this 7'-9" h e i g h t  of  f a l l  from k 
#$ 
zero i n i t i a l  v e l o c i t y ,  t h e  O s  14-in ,  drop reaches  a f a l l  v e l o c i t y  o f  approxi-1 
@& mately 19 .5  f p s ,  o r  70% o f  i t s  t e rm ina l  f a l l  v e l o c i t y .  Bs d i scus sed  i n  
%i$ 
i b, Chapter 11, t h i s  30% d i sc r epancy  from t h e  t e rm ina l  f a l l  v e l o c i t y  would n o t  
& $-
a f f e c t  a pp r e c i ab l y  t h e  accuracy  of  t h e  expe r imen ta l  r e s u l t s ,  even i f  the 
W 
*-b,
Q momentum and energy i n p u t  of the r a i n f a l l  are n e c e s s a r y  t o  b e  cons idered  p 
!P 

9 i n  a d d i t i o n  t o  t h e  mass i n p u t ,i
e
k 
Or-
* 
fa 
6-

V. RECIRCULATION SYSTEM 
C 
fI 
The wa te r  r e c i r c u l a t i o n  system c o n s i s t s  o f  t h e  s t o r a g e  tank ,  
e r e t u r n  p i p e l i n e ,  the p m p ,  and  the  p i p e  network t o  d i s t r i b u t e  water 
the EDVA'S (Ff g . 10). 
a& 
1. 	 Sto rage  Tank 
The s t o r a g e  t ank  which i s  l o c a t e d  a t  t h e  downstream end of t h e  
o r a t o r y  b a s i n  has  t h e  same wid th  a s  t h e  b a s i n ;  i.e., 40 ft. The l eng th  
a d  depth o f  t h e  tank a r e  1 9  i n ,  and 46 i n . ,  r e s p e c t i v e l y  (Fig.  11). Four 
75-in. deep 3.25-in, wide s l o t s  a r e  provided i n  the 4-in. th ick  r e i n f o r c e d  
concre te  s i d e  w a l l s  and bottom 	(F ig .  Ild) at,  8 - f t  spac ings  along t h e  w i d t h  of 
he tank  s o  t h a t  p a r t i t i c n s  can b e  i n s t a l l e d  i f  neces sa ry  t o  subdiv ide  t h e  tank  
kiJ 

1; or  v e r s a t i l e  uses of t h e  s t o r a g e  tank  and t o  p rov ide  s u f f i c i e n t  accuracy i n  $ 
&5 measurement of  outf low from t h e  b a s i n ,  I n  o rde r  t o  improve measurement 8 

P 
1i 	 accuracy f o r  low r a i n f a l l .  i n t e n s i t y  experiments and t o  make f u l l  use of  ap

1 
constant  d i s cha rge  f l o a t i n g  s iphon  device  which w i l l  b e  desc r ibed  l a t e r ,  
the  s i d e  w a l l s  of t h e  c e n t r a l  8 - f t  p o r t i o n  of t h e  s t o r a g e  tank are raised 
& 
I."
1 	 4.5 i n .  h i g h e r  than t h e  o t h e r  p o r t i o n s  of  t h e  tank  a s  shown i n  F i g .  11. 
a" -
l 
To provide  o u t l e t  from the  s t o r a g e  tank  f o r  pumping water i n t o  t h e  
r e c i r c u l a t i o n  p i p e l i n e  system, fou r  i n t a k e s  are b u i l t  a t  t h e  bottom of t he  
tmk, l o c a t e d  c e n t r a l l y  a t  3.25 f t  and 11.25 f t from either s i d e  of t h e  
l o n g i t u d i n a l  c e n t e r l i n e  of  t h e  b a s i n  (Fig.  11). The p a i r  of  intakes lo -
g@ 	 ea ted  a t  3.25 f t  from the  l o n g i t u d i n a l  c e n t e r l i n e  are 2 i n .  i n  diameter 
g 
T, 
g 
and connected by 2-in, p i p e  and elbows t o  a 4-in. d iameter  manifold PVC 
& h 
k.6 	 pipe.  The p a i r  of i n t a k e s  l o c a t e d  a t  11.25 ft from the eenterline are gU 
B"  
f;
p-	
6.5-in.  I . D .  cast  i r o n  r educe r s  j o i n t e d  t o  4-in. th readed  s h o r t  p ipes  andk.,

t' 



Each of t he  Qo5- in .  i n t a k e s  i s  covered by a nylon screen t o  prevent large  
f o r e i gn  materials from being pumped i n t o  .the recirculation pipeline system, 
The nylon window screen is inomted on the t op  and a i d e s  cf a ho l l ow  frme 
5-11/16 in. high, 8 i n .  squa re ,  formed by 3/16 x 1 in. and 3/16 x 1/2 i n ,  
p lexiglass  bars. A c ros s  of 3/16-in. thick plexiglass pl-aces 5,: i n .  h igh  
and a 3.5-in. d iameter  3f46-in, t h i c k  plexlglass top  are g lued  z~isymmetri-
ca l ly  t o  the frame t o  prevent vortex formation du r ing  pumping, No screen 
is  provided f o r  the 2-in. i n t a k e s -
Three o u t l e t s  of 1/2-in. bypass  pipeline t o  r e tu rn  excess wate+ 
from the pump a re  l o c a t ed  a t  10 i n ,  and g 0 5  f t  from e i t h e r  s i d e  o f  the 
e e n t e r l i n e  of t h e  basin,  p r o t r ud i ng  H i n ,  ho r i zon t a l l y  o u t  from the  vertical 
concrete w a l l .  away from the basin ,  a t  an elevation 6 in. above t he  bottom 
of the  tank, Any one of these three o u t l e t s  can be capped by a threaded 
cap. 
To p rov ide  anchorage f o r  two sonar  depth. sensors  w l l i c h  w i l l  be  
discussed i n  See. VIH-3,  seven groups of b o l t s  are 10ca.ted i n  the tank a t  
16,  8 m d  2 ft f ~ o mboth s i d e s  s f  t h e  centerli~eof the ba s i n  a9nd a t  the 
cente r l ine ,  The 3/8-in. b o l t s  a r e  embedded i n  the concrete bot tom of t h e  
tank wf th  i t s  t h r e ad  end p r o t r ud i ng  5 i n .  above the bo t t om ,  Each group  of 
b o l t s  consis ts  of two rows of b o l t s  a t  6 in, apart ,  There are f o u r  b o l t s  
a t  6 i n ,  c e n t e r s  i n  each row with the first b o l t  a t  E/2 inl fro^ the wa l l ,  
The design 05 the s i z e  of the s to rage  tank Is governed by t h r e e  
requirements: (a) the  tank should  have a capacity t o  s t o r e  the  max imum 
amount of water t h a t  i s  needed t o  perform experiments; (b) it should provide 
f o r  a give? volume of wa te r  with the m a x i m um  possible water-level var ia t iog  
i n  the  tank f o r  an experiment f o r  a c cu r a t e  measurement of discharge from 
t h e  basin;  and (c) i t  should  have t h e  minimurn p o s s i b l e  distance of f a l l  o f  
wate r  f lowing  o u t  from t h e  b a s i n  i n t o  t h e  tank ,  hav ing  t h e  v a r i a t i o n  of t h e  
fall d i s t a n c e  s o  s m a l l  t h a t  no c o r r e c t i o n  i n  t i m e  f o r  d i s ch a r g e  measurement 
n e c e s s a r y  t o  compensate f o r  the d i f f e r e n c e  i n  t ime  of f a l l ,  Small f a14  
d i s t a n c e  w i l l  a l s o  prevent  p o s s i b i l i t y  of e x c e s s i v e  evapo ra t i on  dur ing  the 
fall.. To s a t i s f y  a l l  t h e s e  t h r e e  requi rements  t h e  tank can b e  n e i t h e r  l a r g e  
a d  sha l l ow  n o r  s m a l l  and deep, I t  is  neces sa ry  t o  f i n d  an optimum com-
promising s i z e .  
To e s t ima t e  t h e  maximum amount of d e t e n t i o n  of wa t e r  i n  t h e  b a s i n  
the  method proposed by I z z a r d  (1946) was used an an approximat ion.  ~ z z a r d ' s  
method h a s  f o u r  major  l im i t a t i o n s :  ( a )  It i s  emp i r i c a l  and approximate;  
(b) t h e  f l ow  is  t o  be s t eady  and two-dimensional; (s) i t  i s  t o  b e  used f o r  
laminar f low on ly ;  and (d) t h e  p roduc t  of t h e  r a i n f a l l  i n t e n s i t y  i i n  in./hr 
and t h e  l e n g t h  of t h e  .flow L in f t  shou ld  b e  less than  500, I n  t h e  p r e s e n t  
i n v e s t i g a t i o n  f o r  a  p o s s i b l e  maximum r a i n f a l l  i n t e n s i t y  o f  1.5 i n . / h r  and a 
b a s i n  l e n g t h  of 40 f t ,  t h e  p r oduc t ,  i L ,  i s  equal. t o  600 which may b e  con-
s i d e r e d  approximately s a t i s f a c t o r y  f o r  t h e  u se  of I z z a r d ' s  method. Although 
I z z a r dB s  method i s  only an approximat ion ,  i t  was used because  t h e r e  was no 
o t h e r  s imp l e  a c cu r a t e  method a v a i l a b l e  a t  t h e  t i m e  of  de s ign ing  t h e  tank ,  
By I z z a r d 9 s  method, t h e  d e t e n t i o n  volume i n  cu f t  i n  t h e  b a s i n  
i s  g iven  by 
in which c i s  a roughness f a c t o r ,  S i s  t h e  over land  s u r f a c e  s l o p e ,  and qe
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is t h e  d i s ch a r g e  p e r  u n i t  w id th  from t h e  b a s i n  a t  t h e  t ime of  equ i l i b r i um 
and i s  e q u a l  t o  i ~ / 4 3 2 0 0 .  From Eq. 26, i t  i s  appa ren t  t h a t  t h e  maximum 
d e t e n t i o n  occurs  when r a i n f a l l  of maximum i n t e n s i t y  f a l l s  on a s u r f a c e  of 
l a r g e  roughness  and minimum s l o p e .  
Assuming t h a t  i n  t h e  p r e s en t  i n v e s t i g a t i o n  t h e  maximum r a i n f a l l  
i n t e n s i t y  is  15 i n . / h r  covering the e n t i r e  bas in  having L = 40 ft with a 
m i n imum  s l o p e  So= 0.005 and a surface roughness fac tor  = 0 ,06  corresponding 
t o  dense b luegras s  t u r f ,  t h e  maximum de ten t ion  i n  t h e  bas in  f o r  the entire 
40-f t width ,  computed by us ing  Eq.  26 ,  is  158 cu f t, o r  approximately an 
average depth of 0 . 1  f t  i n  t h e  b a s i n .  It i s  f u r t h e r  assumed that usually 
a c e r t a i n  amount of water i s  he ld  i n  the r e c i r c u l a t i n g  p i pe l i ne  network 
system arid i n  t h e  raindrop producers  and an a dd i t i o n a l  50 cu f t  i s  needed 
t o  be s t o r e d  i n  t h e  tank t o  f i l l  up the  p i p e l i n e  network and r a ind rop  pro-
ducers dur ing  an experiment; accordingly t h e  s torage tank should  have a 
minimum capaci ty  of approximately 210 cu f t .  
The t i m e  t r equ i red  f o r  the water  flowing ou t  from the basin t o  
reach  t h e  wa t e r  s u r f a c e  i n  t h e  t ank  can be  es t imated  by t he  free fall equa-
t i o n  as 
i n  which h i s  t h e  v e r t i c a l  d i s t ance  between the  o u t l e t  of the basin  and the 
ins t an taneous  water  s u r f a c e  i n  t h e  tank  2nd g i s  the  g r a v i t a t i o n a l  accelera-
t i on .  Assuming t h a t  t h e  h i ghe s t  and lowest e l eva t i on s  of the water surf ace 
a r e  1 f t  and 4 f t ,  r e spec t i v e l y ,  below t h e  o u t l e t  of t h e  bas in ,  the respec-
t i v e  corresponding times of f a l l  are 0.25 s e c  and 0.50 sec, or a t i m e  error 
of 0.25 s e c  i n  measurements. 
By assuming t h a t  measurements a r e  t o  b e  taken every five seconds 
w i t h  an a l lowable  e r r o r  i n  t ime of i3%, t h e  corresponding allowable time 
e r r o r  i s  0 .3  sec .  Furthermore, a d d i t i o n a l  depth a t  t h e  b o t t a a  of t h e  -tank 
i s  necessa ry  f o r  ins t rumenta t ion  purposes and f o r  providing s u f f i c i e n t  water 
depth t o  cover the  o u t l e t  ho le s  a t  t h e  bottom of the tank w i t h  water s o  t h a t  
s e r i o u s  vo r t e x  format ion  n o r  a i r  e n t r a im i en t  occurs  when t h e  water i s  
being pumped ou t  through t h e  bot tom ho l e s  i n t o  t h e  rec i rcuEat ion p i p e l i n e ,  
With t h e  above i n f om a t i o n  on tank c apac i t y  and alloyable error  in 
F.
2 t i m e  measurement, t h e  s i z e  of the s t o r a g e  tank was chosen a s  19 i n .  l ong ,G 
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?; 
t- 46 i n .  deep,  and 40 f t  wide which i s  t h e  width of  the  b a s i n o  The t o t a l3% 
$- capac i t y  of t h e  tank  i s  243 cu f t ,  By a l lowing  a dep th  of 6 i n .  f o r  f r e e  # 
B-
5 board and dead s t o r a g e ,  t h e  u s e f u l  c ap a c i t y  of  t h e  t a nk  i s  210 cu f t  as 
%8 )$ es t ima ted .  
$3L g
P" Since  t h e  c r o s s - s e c t i on a l  area of t h e  tank i s  63 s q  f t ,  f o r  e a ch  
01 i n .  of dep th  which i s  approximate ly  t he  range of  accuracy  f o r  depth 
meagurernent, t h e  corresponding volume i s  0.05 cu f t ,  This  i s  a large volume 
f o r  an exper iment  w i t h  l o w  r a i n f a l l .  i n t e n s i t y  of a s h o r t  d u r a t i o n , c o v e r i n g  
only a  sm a l l  a r e a  w i t h i n  t h e  b a s i n .  By p l ac ing  3/8-in. aluminum p a r t i t i o n  
!j p l a t e s  i n t o  t h e  s l o t s  on t he  s i d e  walls as mentioned a t  t h e  beg inn ing  of p
g" t h i s  c h a p t e r ,  t h e  tank  can b e  d i v i d ed  i n t o  f i v e  independent  compartments l+X 
%$, each 46 i n .  deep,  8 f t  wide,  13  i n .  l ong ,  having a c apa c i t y  of 49 cu f t ,
btL
E
& By us ing  only the c e n t r a l  compartment of t he  tank o r  m y  p r o p e r  combinaticn 
fd 
8 
$- of t h i s  w i t h  t h e  o t h e r  f ou r  compartments, measurement accuracy  can b2  
expe r imen ta l  purposes ,  i t s  s i d e  w a l l s  a r e  r a i s e d  4 .5  in, h i g h e r  than  t h o s e  
Br 
i 
of t h e  o t h e r  compartments. Thus, t h e  c e n t r a l  compartment ha s  a  depth of 
pg 50.5 i n .  and a capac i t y  o f  53 cu f t  and f o r  each 0 .01  i n .  dep th  t h e  co r r e s -& 
f& 
& pending volume i s  0 .01  cu f t .  S ince  a p a i r  of s o n a r  dep th  s en so r s  a reki8 
k 

1 l o c a t ed  i n  t h e  c e n t r a l  compartment and t h e  measurement accuracy  i s  a f f e c t e d$4 $, 
by s u r f a c e  waves,  t h e  s i d e  walls of  t h e  c e n t r a l  compartment are l i n ed  w i t h  
1 i n .  t h i c k  h i gh  po r o s i t y  rubbe r i zed  h a i r  s e r v i ng  as wave damper. To avo id  
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t h e  d i s t u r b a n c e s  due t o  d i r e c t  impact  of  wa t e r  from t h e  labouato-ry bas in ,  a 
flow d e f l e c t o r  i s  installed below the o u t l e t  of t h e  basin t o  gu ide  t h e  runoff  
towards the rubbe r i zed  hair, The f l ow  de f l e c t o r  is a p a i r  of galvanized 
sheet metal des igned  t o  curve i n  a shape y e t  cause n e g l i g i b l e  de lay  of f l m ~  
iwta the tank* The addi t iona l ,  de tent ion time due to t he  presence of wave 
damper and f l ow  d e f l e c t o r  i s  r e l a t i v e l y  n e g l i g i b l e  as the deflector is 
shaped to guide  the flow as smoothly a s  p o s s i b l e  and the  rubberized h a i r  
h a s  v e r y  h i gh  p o r o s i t y ,  
V-2. R e c i r c u l a t i o n  P i p e l i n e  
The r e c i r c u l a t i o n  p i p e l i n e  c ~ n s i s t sof the  in take suct ion.  p i p e l i n e s  
equipped w i t h  a check v a l v e  and a s t r a i n e r  t o  l e a d  water frcm t he  storage 
t a nk  t o  a high-head pump, a by-pass l i n e ,  a f i l t e r ,  and a p i p e l i n e  wi th  
au toma t i c  c o n t r o l  valves, and then through flow meters t o  a d i s t r i b u t i o n  
p i p e  network (F ig .  LO ) .  
(A) Suet ion Pipeline 

Each of t h e  f o u r  cputlet  holes a t  the bot tom of t h e  s t o r age  tank i s  
connected by elbows and s ho r t  p i p e s  t o  a 4-in. PVC p i p e  i n  a ma in fo ld  form 
(Fig ,  10 ) .  A f l a nged  basket-type 4-in. strainer is connected to t h e  4-in. 
PVC p i p e  by a 4-in. Vi c t a u l i c  Tee t o  remover particles greater than 1/16 in. 
in size flowing f r o m  t h e  mani fo ld  t o  t h e  pump. The strainer i s  16 in. long,  
Muessco Steam Spec i a l t y  Co, Model 155-4. Immediately do~~rmstreamfrom. the 
s t ra iner  i s  a  Maessco S t e m  Sp e c i a l t y  Co. Mode% 105-D-4 4-ine check valve, 
8-l/2 i n .  I s ng .  The check v a l v e  ma in t a in s  t h e  water i n  the p m p  t o  avoid 
r e p e a t ed  pr iming  and p rov ides  p r o t e c t i o n  a g a i n s t  waterhammer on pump shu&do~ne 
A 4-in. 90' f l anged  albow i s  located at 4 in. downstream from t h e  
check v a l v e .  The elbow i s  fo l lowed by a 28-in. long  4-in. s t e e l  p i p e  t o  a 
top f o r  pr iming.  The pr imer  i s  j o i n t e d  by a 6-in.  long  4-in. p i p e  to t h e  
$, 
# s u c t i o n  end o f  the pump by f l a n g e s ,  
c 
C (B) Feeder  P i p e l i n e  
I 
G 

The d i s cha r g e  end of t h e  pump i s  connected t o  a 5 i n .  long v e r t i c a l  
2-in. steel p i p e  fol lowed by  a 2-in.  s t e e l  elbow t o  a h o r i z o n t a l  2-in,  s t e e l  
p ipe  20-1/2 i n .  long .  The 2-in. p i p e  i s  connected t o  the f l a nged  p l a t e  of a 
4-in- s t ee l  Tee which i s  i n  t u r n  connected a t  i ts  downstream end by f l a n g e s  
t o  t h e  ma i n l i n e  f i l t e r ,  The branch end of  t h e  Tee i s  connected by a f l a n g e  
/2- in ,  bypass  l i ne .  The bypass  l i n e  d e l i v e r s  t h e  exces s  wa te r  from 
the  p q t h a t  i s  more than  t h e  amount r equ i r ed  f o r  producing r a i n f a l l  d i -  
r e c t l y  back  t o  t h e  s t o r a g e  tank, The recommended minimum d i s cha r g e  f o r  the 
ump i s  abou t  5%of i t s  normal r a t e ,  i.e .  , approximately 0.0022 c f s  i n  t h e  
p r e s en t  c a s e  t o  avoid  ove rhea t i ng  of  the  pump, A two-way s o l eno i d  v a l v e  
i s  l o c a t e d  n e a r  t h e  upstream end of the  bypass l i n e  t o  c o n t r o l  t h e  flow, 
The s o l eno i d  v a l v e  is an ASCO Model 821027, o r i f i c e  s i z e  3/8 i n . ,  p i p e  s i z e  
1/2-in.  NPT, c o i l  r a t i n g  115V, 60 cy c l e s ,  6 w a t t s ,  and i t s  normal  apera t ion 
p o s i t i o n  i s  c losed .  An Aqua-Pure wa te r  f i l t e r  w i t h  5-micron c a r t r i d g e  i s  
i n s t a l k e d  i n  t h e  1/2- in .  bypass  l i n e ,  
The ma in l i ne  f i l t e r  i s  a Mueller  S t e m  Spec i a l t y  Go, Model 1 95  
c a s t  i r o n  4 i n .  d iameter  l a r g e  c apa c i t y  f l anged  baske t - type  s t r a i n e r  l ined  
with No. 400 mesh, It i s  provided t o  remove f o r e i g n  matter as sma l l  as 
0.005 in .  i n  s i z e  f rom the £Pow t o  p r o t e c t  the  f l ow  me te r s ,  t h e  De r l i n  rod 
flow pas sages  and s o l eno i d  v a l v e s  i n  the EDVA, and t h e  c a p i l l a r y  tubes  of  
the r a i nd r op  producers ,  With clean s c r e en s ,  t h e  related p r e s su r e  d rop  at 
5 / 9  c f s  i s  1.0 p s i .  The pressure drop is doubled f o r  s c r e en s  be ing  50% 
clogged. Removal of t h e  f i l t e r  b a s k e t  f o r  c l e an i ng  is e a s i l y  accomplished 
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by removing the bo l t e d  top  cover p l a t e ,  A screwed hole  at the be%tom of the  
strainer can a l s o  be used t o  dra in  the se t t led  fo~efgnmaterials 
The downstream end f lange of the  f i l ter  i s  connected ts a 3-intl 
s teel  elbow fo l lowed  by a vertical 3-in, s t ee l  pi.pe, The downstream end 
of the 12-in. long v e r t i c a l  3-En. p i p e  i s  connected by an elbow t o  a 3-in, 
high-f low Ifne.  .A l - in ,  1 m - F I m ~ l i n e  is connected t o  th.e midway of  the  
ve r t i ca l  3-in. p i p e  by a Tee .  A 3- loe  s t e e l  p i p e ,  90-in. long in the  high--
flow line, is f l a n g e d  to t he  elbow at one end and t o  a contr01 valve at the 
downstream end (F ig .  1 0 ) .  The au tomat ic  cont . ro l  valve i s  a F i she r  Governor 
model 657-A, 2-1/2 i n .  s i z e ,  11-in. long  s i gna l  p o r t  high l i f t  V-pup valve 
p l ug  with s p r i n g  p r e s s u r e  ranged from 3 t o  95 p s i ,  Water passing the con t r o l  
valve i s  d e l i v e r e d  through a h o r i z o n t a l  3-in. pipeline t o  a v e r t i c a l  p ipe -
Pine a t 6 4 - i n .  d m s t r e a m .  A Potter 2-in.  f l aw  meter, model. 3x2-5942X9 
10 i n .  l o ng ,  i s  i n s taPled horizontally at 50-112 in,, or P 6 , 8  df ameters 
of t h e  3-in. s t e e l  p i p e ,  downstream from t h e  end flange of the c o n t r o l  
v a l v e  and 23-1/2 in.,  o r  7.8 d i ame t e r s  of t h e  3-in. p i p e ,  ups t ream from 
the v e r t i c a l  pipe, It should  b e  no t ed  that t h e  manufacturer of $he f l ~ w  
meter recommended a m i n i m um  s t r a i g h t  p i p e  l e ng t h  of 10 p i p e  diameters 
upstream and 4 p i p e  diameters downstream f o r  p r o p e r  functioning of the 
f low meter. 
The low-flow p i p e l i n e  i s  i d e n t i c a l  w i t h  t he  high-f law p i p e l i n e  
except t h a t  the s teel  p i p e s  are I in, i n  size, the automatic  c o n t r o l  valve 
i s  a F i s h e r  Governor model 512-B: 1/2 in. size, 4-1 /8  i n .  long with 3/8-in. 
orifice, s i n g l e  p o r t  m i c r o f l u t e  v a l v e  p l ug  w i th  s p r i n g  pressure ranged 
from 3 to 15 p s i ,  and the f low meter is a P o t t e r  flowmeter roodel 1x1/2-5942X. 
The 3-in. v e r t i c a l  p i p e l i n e  a t  23-P/2 in. downstream from the 
2-1/2 i n .  f low mete r  consis ts  of a 3-in. s t e e l  flanged elbow a t  its upstream 
end fo l l owed  by a 6-in. long  3-in. s t e e l  p i p e ,  a T e e  f o r  the  low-flow l i n e ,  
shor t  + i n o  p i p e  and a V i c t a u l i c  coupl ing  t o  'connect t h e  s h o r t  p ipe  w i t h  
9 
10-f t  l ong  3-in. FVC p ipe .  The downstream ( t op )  end of t h e  PVC p ipe  i s  
~ i c t a u l i celbow. m e  i n s i d e  surface of t h e  elbow i s  sand smoothed and 
0 1/16-in .  p i ezome t r i c  ho l e s  a r e  d r i l l e d  a t  t h e  i n n e r  and o u t e r  wa l l s  o f  
f i e  elbow t o  s e r v e  a s  an elbow m e t e r .  
A 20- f t  long h o r i z o n t a l  3-in. PVC p i p e  i s  connected a t  i t s  
upstream end t o  t h e  elbow and i t s  d a ~ n s t r e am  end t o  a 3-in. V i c t a u l i c  T e e .  
A 15-in.  l ong  v e r t i c a l  3-in. PVC p i p e  i s  connected to t h e  Tee t o  d e l i v e r  
water  i n t o  t h e  upstream end of t h e  d i s t r i b u t i o n  network.  The o t h e r  end 
-	 of the Tee i s  connected t o  a 40-f t long  PVC p i p e l i n e  (with  a V i c t a u l i c  
coupl ing a t  t h e  middle)  fo l lowed by a V i c t a u l i c  elbow and t h en  an 18-in.  
$2 
3 long v e r t i c a l  3-in. PVC p i p e  t o  d e l i v e r  wa t e r  i n t o  t h e  f a r  end of t h e# @ 
d i s t r i b u t i o n  network. The 40-ft  long  PVC p i p e l i n e  i s  purpose ly  s loped 
s l i g h t l y  s o  t h a t  any t rapped  a i r  may move t o  t h e  end of t h e  p i p e  and b e  
b l ed  ou t  f rom t h e  system through a s o l eno i d  v a l v e ,  -, 
V-3, D i s t r i b u t i o n  Network 
2 The d i s t r i b u t i o n  network c o n s i s t s  of a 3-in. PVC p i p e  l a t t i c e  
$1 
[
h as shown in. F ig .  1 2 ,  Each of  t h e  two v e r t i c a l  3-in.  PVC p i p e s  of the  
p
d 
wa t e r  supp ly  l i n e  from t h e  pump a r e  connected t o  a h o r i z o n t a l  p i p e l i n e  
1* p i p e l i n e s  are i n s t a l l e d  a long  t h e  l a t e r a l  d i r e c t i o n ,  one above the dom-
s t r e am  edge o f  t h e  b a s i n  and t h e  o t h e r  above t h e  upstream edge.  Each 
p i p e l i n e  c o n s i s t s  of f i v e  3-in.  PVC p i p e s ,  t h r e e  of which are approximately 
8 f t  long  and t h e  o t h e r  two a r e  r e s p e c t i v e l y  3  f t  and 5 f t  l ong .  These 
8 p ipes  are jo ined  t o g e t h e r  by 3" x 3" x 3" V i c t a u l i c  Tees. F i v e  h o r i z o n t a l  g 
3g-
gb 3-in. PVC p i p e s ,  each 20 f t long ,  a t  approximately 8 f t  a p a r t  a r e  jo ined  
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of t h e  two 3-in. l a c e r a 1  p i p e l i n e  t h e  branch of t h e  Tea which is  n o t  con-
nec ted  t o  t h e  3-in. PVC p ipes  is capped by a 3-in, V i c t a u l i c  bull plug. ,i, 
so lenoid-va lve  e o n t r o l l e d  b l eede r  i s  installed on the  top s fae  of each of 
the p lugs  f o r  a i r  b leeding  and p res su re  con t ro l  purposes, 
Each of t h e  20-ft  long 3-in, p i p e s  f r on  the downstream edge l a t e ra l  
3-in. p i p e  i s  jo ined  t o  t h e  corresponding 20-ft long  p i p e  from t h e  upstre-m 
edge by a V i c t a u l i c  coupling s o  t h a t  t h e  e n t i r e  40-ft l ength  of the basin i s  
covered,  O u t l e t s  a r e  provided on t h e  40-ft long l o n g i t u d i n a l  p i p e l i n e s  a t  
4-f t  spac ing  s t a r t i n g  a t  2 ft from t h e  ends. O r i g i n a l l y ,  the o u t l e t  was 
simply a PVC sadd , le  Wo, 914-1 glued t o  t h e  3-in. p i p e .  However, it was 
found a f t e r  some experiments t h a t  t he  conneetion from t h i s  s a d d l e  t o  the 
3/4-in. I . D .  po lye thylene  tube  from t h e  EDVA could n o t  be made leakproof. 
Consequently, t h e  o u t l e t  w a s  modified s o  t h a t  it consists of a 3" x 1" 
female t h r e a d  s a d d l e ,  No. 915-1, glued t o  t he  3-in. p i p e ,  a Nibco Wrot 
Copper 1-in. male adapter  t o  f i t  i n  t h e  sadd le ,  and a Nibco Wrot Copper 
Tee r educe r ,  5/8" x 5/8" x 1" No. 611, t o  f i t  t o  t he  adap te r ,  Each of 
t h e  518-in. end of t h e  copper Tee i s  f i t t e d  i n t o  t h e  3/4-in. I . D .  poly-
e thy lene  tube  from t h e  EDVA and then t ightened  w i t h  clamp. The water  
supp l i ed  from t h e  pump is d e l i v e r e d  i n t o  the d i s t r i b u t i o n  network through 
t h e  s h o r t  v e r t i c a l  3-in. PVC pipes  and then i n t o  t h e  E D V A ' ~ through the  
o u t l e t s  and t h e  3/4-in. polye thylene  tubes .  
v-4. Pump 
The pump which r e c i r c u l a t e s  water  f rom t h e  s t o r a g e  tank  t o  the 
r a ind rop  producers  i s  .an Ingersole-Rand 15-HP s ingle-s fage  c e n t r i f u g a l  
pump model 2RVH-1.5-A opera ted  on 3-phase, 60-cycle, 220/440 v o l t  power 
l i n e  wi th  a r e l a t i v e l y  f l a t  head-discharge c h a r a c t e r i s k i c  curve.  The 
pump s i z e  i s  determined based on t h e  expected m a x i m u m  d i scha rge  a t  a 
s t e a d y  rate o f  5 / 9  c f s  t o  cover t h e  e n t i r e  bas in  of 1600 sq f t  a t  a 


( c )  J u n c t i o n  loss Although va r ious  s t u d i e s  have been made on 
,j---on l o s s  by many i n v e s t i g a t o r s ,  y e t  a r e l i a b l e  j u n c t i o n  l o s s  c o e f f i c i e n t  
i s  a p p l i c a b l e  t o  t h e  c o n d i t i o n  of t h i s  s t udy  cannot  b e  found. T h e r e f o r e ,  
j u n c t i o n  l o s s  i s  assumed c o n s e r v a t i v e l y  equa l  t o  the sum of  t h e  v e l o c i t y  
heads o f  the approaching f l ows ,  i.e. , 0.32 f t . 
s 
( d )  Strainer  l o s s ,  The loss of  head due t o  the s t r a i n e r  v a r i e s  4 

Y 
~ i t hthe deg ree  of c logging  of t h e  s t r a i n e r *  Assuming a 50% clogged s t r a i n e r  

@i is a c c e p t a b l e  f o r  exper iments ,  t h e  p r e s s u r e  drop a c r o s s  t h e  1/16-in .  ba ske t - 

,fit 
6s t y p e  Muessco S t r a i n e r  is 1 . 6  p s i  o r  3.7 f t  w i t h  s c r e e n s  50% clogged.  

t 

( e )  Check v a l v e  loss. The check v a l v e  l o s s  a t  5/9 c f s  (250 gpm) 
was ra ted  as 2 , 2  f t .  
t 

( f  ) Pipe  l o s s e s .  The 4- ino  s t e e l  p i p e l i n e  between the . check 
*" $ valve  and t h e  pump i s  approximate ly  4 f t  long  w i t h  one 90° elbow and one 
+!$ 
J 
g primer .  A t  t h e  flow rate of  5/9  c f s  t h e  v e l o c i t y  i s  6.38 f p s ,  t h e  v e l o c i t y  
I' 
head i s  0 .63  f t ,  t h e  Reynolds number i s  2 . 1  x l o 5  and t h e  corresponding 
Weisbach f is  0.0195. Hence, t h e  p i p e  flow f r i c t i o n  l o s s  i s  0.15 f t ,  
Assuming t h e  elbow Loss c o e f f i c i e n t  t o  be  0 , 5  and t h e  pr imer  l o s s  c o e f f i c i e n t  
L
E 
# t o  b e  0. I., t h e  corresponding head l o s s e s  a r e  0.31 f t  and 0.06 ft , respectFveEy.q
t 

8 Hence, t h e  t o t a l  p i p e  l o s s  i s  0.52 f t . 
8
8 

! The s u c t i o n  l i n e  head l o s s  i s  t h e  sum o f  t h e  above s i x  component 
9 
bead l o s s e s ,  i . e . ,  18.1 f t ,  which is  w i t h i n  t h e  maximum s u c t i o n  l i f t  of 
approximately 22 f t of most commercial s i n g l e - s  t a g e  c e n t r i f u g a l  pumps. 
The f e e d e r  l i n e  head l o s s  from t h e  pump t o  the r a ind rop  producers  
c o n s i s t s  o f  t h e  fo l l owing  l o s s e s  : 
(a) S t a t i c  d i s c h a r g e  l i f t .  The s t a t i c  d i s c h a r g e  lift between t h e  
e l e v a t i o n  o f  t h e  d i s cha rge  end of  t h e  pump and t h e  e l e v a t i o n  of t he  t i p  of $j 
Bgi t h e  c a p i l l a r y  t ub ings  of  t h e  r a i n d r o p  producers  i s  8.0 f t .  h 
(b)  2- in,  p i p e  l o s s .  The t o t a l  l e ng t h  of the 2- ins  s t e e l .  p i p e  
from t h e  pump t o  the  main l i n e  f i l t e r  i s  z 0 5 f t  with one elbow. At the 
ma x imum  d i s ch a r g e  of  5/9 cfs , the velocity head is 10.0 ft , the Reynolds 
number i s  4.2 x 1 0 ~ ~the Weisbach f i s  0.021. The corresponding headand 
l o s s  i s  3.15 f t, The l o s s  c o e f f i c i e n t  f o r  the  90" elbow aga i n  can. b e  
assumed as 0 .5  and t h e  head  Poss  i s  5,O f t ,  
The 2-in,  p i p e  i s  connected t o  a 4-in, Tee which is connected t o  
t h e  ma i n l i n e  f i l t e r  and t he  bypass S i n e  a t  t h e  o t h e r  two o u t l e t s ,  A t  the  
maximum d i s cha r g e  i t  can b e  assumed t h a t  the bypass  has no : f low and the ex-
pansion l o s s  c o e f f i c i e n t  f o r  the f l ow  from the 2-in, p i p e  t o  the  4-in, Tee  
i s  8 .5  7 (Rouse, 1950, p. 4231 ,  t h e  cor responding  head loss  i s  5 a 7 ft, 
Hence, t h e  t o t a l  Poss of t h e  2-in. p i p e l i n e  i s  13.9 f t .  
( c )  F i l t e r  l o s s .  The main l ine  f i l t e r  head l o s s  depends on the 
deg ree  of c logging  of t h e  filter, At 50% c logging ,  the p r e s s u r e  loss o f  
t h e  f i l t e r  was r a t e d  as 2.0  p s i  o r  4,6 f t  of water ,  
(d) 3-in. s t ee l  p i p e l i n e  l o s s .  For pu-mp des ign  purpose ,  only 
t h e  l o s s  due t o  t h e  3-in, high-f l ow  l i n e  I s  cons ide red  s i n c e  the 1ow-fIo~1~ 
l i n e  i s  used only f o r  low d i s cha r g e  and has a sma l l e r  head l o s s  The 
t o t a l  length  of t h e  3-in, s tee l  p i p e  between the  f i l t e r  and the 3-Ino 
V i c t a u l i c  j o i n t  i s  10 f t ,  exc lud ing  t h e  l e ng t h  of the con t r aS  valve and the 
f low meter. For t h e  maximum d i s cha r g e  of  5/9 cfs, the f l ow  v e l o c i t y  i s  1 1 . 3  
5f p s ,  t h e  v e l o c i t y  head i s  1,98 f t ,  and the  Reynolds number i s  2 .8  x 10 . 
Hence, f o r  a s u r f a c e  roughness of 0.0002 of the steel p i p e ,  the Wefsbach f 
i s  0.020 and t h e  cor responding  head l o s s  f o r  the 10-E t  l e n g t h  i s  1-6 f t ,  
There a r e  t h r e e  90' elbows on t h e  p i p e l i n e ,  Assuming t h e  l o s s  
c o e f f i c i e n t  f o r  each i s  0 .5 ,  t h e  c o r r e s p o ~ d i n g  head  l o s s  for each elbow 
i s  1.0 f t .  Hence, t h e  t o t a l  head l o s s  of t h e  3-in. l i n e  i s  4.6 ft, 
(e) Cont ro l  v a l v e  l o s s .  The head l o s s  due t o  the 2-1/2 i n .  
.tomatic 	 flow c o n t r o l  v a l v e  is  assumed t o  b e  40 f t  as w i l l  b e  d i scussed  i n  
V I - 1 .  
( f )  ' Flow meter  l o s s .  The p r e s s u r e  l o s s  due t o  t h e  P o t t e r  2- in ,  
turbine f low meter  a t  t h e  de s ign  f low r a t e  was sugges ted  by the meter manu-
f a c t u r e r  a s  5 p s i ,  i , e . ,  a  head  l o s s  of 11 .5  f t .  
( g )  3-in, PVC p i p e l i n e  l o s s .  The 3-in. PVC p i p e l i n e  c o n s i s t s  o f  
p a r t s :  The upstream p a r t  which c a r r i e s  t h e  e n t i r e  amount of wate r  
supplying i n t o  t h e  r a ind rop  p roduce r s ,  and t h e  downstream p a r t  which i s  
- - - branched i n t o  3-f t long  and 418 3 - f t  long p i p e s  t o  supply  water respec-
t i v e l y  t o  t h e  two edges of the d i s t r i b u t i o n  network,  
The l e n g t h  of  t h e  3-in. PVC p i p e  of t h e  upstream p a r t  i s  31 f t  
with one 90" elbow and two V i c t a u l i c  coupl ings .  For  t h e  d e s i g n  d i s cha rge  
of 5 /9  c fs ,  t h e  w l o c i t y  head of  t h e  flow i n  t h e  p i p e  i s  1 . 9 8  f t  and t h e  
Reynolds number i s  2.8 x 105 . Hence, f o r  a smooth s u r f a c e ,  t h e  Weisbach f 
i s  '0 .015 and t h e  cor responding  head  l o s s  for t h e  31-f t l e n g t h  fs 3.7 f t . 
The l o s s  c o e f f i c i e n t  f o r  t h e  elbow i s  assumed t o  b e  0 .22  (Rouse, 1450,  p .  421) 
s i n c e  i t s  s u r f a c e  was smoothed f o r  mete r ing  purpose .  The cor respsnding  elbow 
l o s s  i s  0 .43  f t .  The l o s s  f o r  each  coupl ing  i s  assumed t o  b e  5% of t h e  
v e l o c i t y  head.  Hence, t h e  combined l o s s  of t h e  upstream p a r t  of t h e  3-in. 
PVC p i p e l i n e  i s  4.3 f t ,  
The exact amount of head  l o s s  i n  t h e  downstream part of  t h e  3-in. 
PVC p i p e l i n e  depends on t h e  f low c h a r a c t e r i s t i c s  of t h e  d i s t r i b u t i o n  network 
as they  are c l o s e l y  i n t e r r e l a t e d  and a  h y d r a u l i c  a n a l y s i s  c f  t h i s  combined 
system i s  r a t h e r  complicated.  However, a p r e s s u r e  c o n t r o l  i s  i n s t a l l e d  a t  
t he  V i c t a u l i c  Tee j o i n i n g  t h e  two p i p e s  supply ing  w a t e r  i n t o  t h e  d i s  t r ibu-
t i o n  network.  This  p r e s s u r e .  c o n t r o l  p rov ides  a c o n s t a n t  1 2  p s i  p r e s s u r e  
above t h e  a tmospheric  p r e s s u r e  i r r e s p e c t i v e  of the f low rate. Consequently,  
the head l o s s  from this T e e  t o  the t i p  of t h e  c a p i l l a r y  tub ings  of the  
r a ind rop  producers  i s  always 1 2  x 2 .31  = 27 . 7  ft. 
Therefore ,  the feeder line head l o s s ,  i n c l ud i ng  the  l o s s  of rafndr 
p roduce r s ,  f o r  the maximum discharge of 5/9 cfs is 144.6 ft. The to 
loss used  f o r  t h e  pump des ign  i s  18.1 f 114.6 = 433 ft, By r e f e r r i ng  to the 
Ingersol l -Rand cen t r i fuga l  pump c h a r a c t e r i s t i c  curve (Fig. 13) the  15 H I  
s i n g l e - s t a g e  6-in. impe l l e r  pump was s e l e c t e d  w,iths u f f i c i e n t  reserve capaci  
V I .  CONTROL SYSTEM 
The c o n t r o l  sys tem c o n s i s t s  of t h e  au tomat ic  f low c o n t r o l  
lves, the pneumatic c o n t r o l  system, t h e  EDvA's, the PDS 1020 d i g i t a l  
computer, and t h e  i n t e r f  a ce - con t ro l  conso le  w i th  DC power supply  u n i t .  
e t h e r  they p rov ide  the  expe r imen ta l  c o n t r o l  t o  give d e s i r e d  p a t t e r n s  
r a i n f a l l .  The l a s t  two components a l s o  perform the  f u n c t i o n  of d a t a  
u i s i t i o n  and p roces s ing .  The EDVA'S have been d e s c r i b ed  i n  Sec.  IV -3 .  
e r e f o r e ,  on ly  t h e  o t h e r  f ou r  components a r e  d i s cus sed  i n  t h i s  chapter .  
Automatic Flow Control Valves 
Two Fisher flow c o n t r o l  v a l v e s  a r e  i n s t a l led r e s p e c t i v e l y  i n  t h e  
high and low f low  r e c i r c u l a t i o n  p i p e l i n e s  which have been  d i s cu s s ed  i n  
Sec, V-2- The u se  of two f low l i n e s  i s  due t o  t h e  wide expec ted  range of 
d i scharges  f o r  producing expe r imen ta l  r a i n s  t o m s ,  which i s  extended from 
f 
, t h e  maximum of 5/9 c f s  t o  cover  t h e  e n t i r e  1600 s q - f t  b a s i n  w i t h  15 i n . / h r  
P 

1 
A r a i n f a l l  t o  t h e  minimum of  1/900 c f s  t o  cover 6 4  sq - f t  o r  4 modules a t  an 
i(r 
1g 
3; i n t e n s i t y  of  0.75 i n .  /hr. By con s i d e r i ng  t h e  s t a b i l i t y  problem of t h e$-
1 

ra indrop  p roduce r s ,  i f  t h e  m i n i m um  r a i n f a l l  i n t e n s i t y  t o  be  used i s  2.5 
i n . / h r ,  t h e  corresponding f low r a t e  t o  cover each module i s  1/1080 c f s .  
Each of t h e  f low c o n t r o l  v a l v e s  i s  au t oma t i c a l l y  po s i t i o n ed  by 
pneumatic control .  i n  o r d e r  t o  make t h e  neces sa ry  change i n  v a l v e  opening 
t o  ma in t a in  t h e  d e s i r e d  p r e s s u r e  a t  t h e  p r e s s u r e  s e n s o r  and consequent ly  
t h e  d e s i r e d  d i s cha rge  a t  t h e  c o n t r o l  p o i n t .  To i n s u r e  adequa te  c on t r o l  
ti over t h e  f u l l  f low range i t  i s  impor t an t  t h a t  t h e  v a l v e  b e  c o r r e c t l y  s i z e d .  2 
'k-
:: Since t h e  p r e s s u r e  drop Ap due t o  t h e  c o n t r o l  v a l v e  i s  
tL 
f 

5 

3 

Pa-
& 
$- an v e l o c i t y  of  t h e  flow. Commercially, a v a l v e  c o e f f i c i e n t  c i s  d e f i n e d  p 

This e q u a t i o n  is  used e q u i v a l e n t l y  a s  E q ,  28 i f  p i s  c o n s t a n t .  
I n  p r a c t i c e ,  t h e  p r e s s u r e  l o s s  ac ros s  t h e  c o n t r o l  v a l v e  is  
allowed f o r  30% o r  more of  t h e  t o t a l  system l o s s ,  exc lud ing  t h e  s t a t i c  l i f t .  
a l a r g e  head l o s s  a c r o s s  t h e  v a l v e  i s  neces sa ry  i n  o r d e r  t o  ensure  
k 
b a  r e l i a b l e  f low c o n t r o l  by t h e  v a l u e .  Thus, t h e  p r e s s u r e  l o s s  Ap i s  
t8 

i@ assumed t o  b e  40 f t  of wa t e r  o r  17.3 p s i .  Therefore ,  f o r  t h e  maximum 

ii 
*I 
-2 4 1/2I5 d i s cha rge  of  5/9  c f s ,  c =  1 . 1 1 ~10 f t  /see-lb 
$<,8 For  low d i scha rges ,  t h e  major  p a r t  of t h e  energy consumed by the 
1t i cons t an t  speed  c e n t r i f u g a l  pump is  t u r n e d  i n t o  h e a t .  To p r e v e n t  from over-  
F 
h e a t i n g ,  a 1 /2- in .  bypass l i n e  i s  prov ided .  By r e f e r r i n g  t o  the pump charac-  
t e r i s t i c  curve  (Fig.  1 3 ) ,  a t  low d i s cha rges  t h e  6-in, i m p e l l e r  pump s u p p l i e s  
b 
k8 a head of 150 f t .  For t he  expec ted  minimum d i s c h a r g e  of l / 9 0 0  c f s ,  t h e  
? 
6

*> 
9k t o t a l  sys tem head l o s s  can be  computed i n  a manner s i m i l a r  t o  t h e  computa- 
F$ 
E t i o n  f o r  t h e  pump des ign  d i s cus sed  i n  Sec.  V-4 .  The computed t o t a l  head $ 
d: l o s s  i s  47 f t ,  p r i m a r i l y  due t o  s t a t i c  l i f t  (12 ft) , l o s s e s  i n  flow meter&J 
5 
k (6 .9  f t ), and l o s s e s  i n  d i s t r i b u t i o n  network and r a i n f a l l  modules ( 2 7 . 7  f t) ,
,4 
<F whereas t h e  l o s s e s  due t o  p i p e  f low and f i t t i n g s  a r e  r e l a t i v e l y  n e g l i g i b l e .  t h  

D 
72 

Hence, t h e  head drop a c r o s s  t h e  c o n t r o l  va lve  s h o u l d  be  150 - 47 = 103 f t  
o r  44 .5  p s i .  From Eq. 29, t h e  cor responding  c i s  1.39 x 10-5 
The r a t i o  of maximum and minimum v a l u e s  of c i s  lo11 x 10-2/I=39 
x 10-' = 800 which i s  too  h i g h  f o r  a  s i n g l e  c o n t r o l  va lve .  In  t h e  con-
kC v e n t i o n a l  d e s i g n  of  c o n t r o l  v a l v e s  t h i s  r a t i o  r anges  approximately from 30 $f 
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Theref o r e ,  dec ided  t h a t  f o r  t h e  WES two c o n t r o l  va lve s ,  one 
u g h  f low ra t e  and the o t h e r  f o r  low f l aw  rate are t o  be  i n s t a l l e d  i n  
ral lel  i n  t h e  r e c i r c u l a t i o n  l i n e .  
Three t ypes  of c o n t r o l  v a l v e s  were found t o  be  p o s s i b l e  f o r  use: 
The equal-percentage V-port p lug  t yp e ,  t h e  equal-percentage contoured p l ug  
type ,  and t h e  l i nea r - con tou red  p lug  type .  Examination of the c h a r a c t e r i s t i c s  
of t h e  t h r e e  types  shows t h a t  t h e  V-port p lug  h a s  a d e f i n i t e  advantage ove r  
the contoured  p lug  because  o f  i t s  wide r  range i n  f low r a t e .  m e  equal- 
percen tage  v a l v e  c h a r a c t e r i s  t i c s  are l oga r i t hm i c ,  w i t h  each increment  of 
plug movement producing a change i n  f low which i s  p r o p o r t i o n a l  t o  t h e  amount 
flowing b e f o r e  t h e  change occu r r ed  Theref o r e ,  an equal-percentage V-port 
p l u g  valve is  chosen because  of i t s  good t h r o t t l i n g  c h a r a c t e r i s t i c sm  A 
s i n g l e  p o r t  de s ign  i s  needed t o  e n su r e  t i g h t  s h u t o f f  w i t h  less than  0.81% 
of t h e  t o t a l  f low rate. To s a t i s f y  t h e  r equ i r ed  maximum c = 1.11x 10-2 , 
a 2-l/2 i n .  s i n g l e  s e a t e d  V-port p lug  va lve  u n i t ,  F i s h e r  Governor Model 
657-A, is  used which h a s  a v a l u e  of  c = 1.1x a t  95% t r a v e l  of valve 
opening; The v a l v e  has a s p r i n g  p r e s s u r e  range of  3 t o  P5 p s i ,  and a t  
10% va l v e  t r a v e l  c = 3.8 x and Q = 0.031 cfs. The corresponding 
a r e a  o r  number of modules for va r i ou s  r a i n f a l l  i n t e n s i t i e s  for t h i s  
d i s cha rge  i s  shown i n  F ig .  14. 
The 2-112 i n .  c o n t r o l  v a l v e  covers t h e  h igh  f l ow  r ange  up t o  
5/9 c f s .  However, t o  improve measurement accuracy f o r  exper iments  w i th  
low peak f l ow  r a t e s  such a s  t ho s e  f o r  low r a i n f a l l  i n t e n s i t i e s  cover ing a 
l a r g e  a r e a  o r  h igh  r a i n f a l l  i n t e n s i t i e s  cover ing  a sma l l  a r e a ,  a low-flow 
con t r o l  v a l v e  i s  d e s i r a b l e .  As d i s cu s s ed  p r ev i ou s l y ,  t h e  de s ign  low-flow 
r a t e  may b e  a s  sma l l  as 1/900 c f s  w i t h  a cor responding  v a l v e  c o e f f i c i e n t  
c = 1.39 x l om5 f t 4 /sec-lb1/2. The low-flow c o n t r o l  v a l v e  shou ld  prov ide  
x 
s u f f i c i e n t  accuracy  f o r  low-flow experiments  and shou ld  be  a b l e  t o  handle  
a  d i s c h a r g e  of Oe03P c f s  which is the d i scha rge  f o r  90% v a l v e  t r a v e l  of 'hhe 
high-fIo~ea c o n t r o l  va lve .  W5th these requf rements, a Fisher  Governor Model 
512-B s i n g l e  p o r t  1 /2- in ,  microflute p lug  v a l v e  with 3/$-in.  o r i f i c e  i s  
adopted.  The l / 2 - i n .  c o n t r o l  v a l v e  a l s o  ha s  a  s p r i n g  p r e s s u r e  range  f r om  3 
t o  45 p s i ,  With the high-flow p i p e l i n e  c lo sed  and t he  1/2-in, low-flow 
p i p e l i n e  open, t h e  head l o s s e s  o f  t h e  r e c i r c u l a t i n g  system a r e  50 arr 47 ft 
f o r  discharges 0.031 and 0.0011 c f s  , r e s p e c t i v e l y .  The cor responding  head 
drops a c r o s s  t h e  c o n t r o l  v a l v e  are 150-50 = 100 ft and 150-47 = 103 f t ,  
respectively, w i t h  the  d i f f e r e n c e  due primarily t o  the  r e s i s t a n c e  of t h e  
1/2-in. low-f low p i p e l i n e .  For t h e  d i s cha rge  of  0.031 c f s , t h e  cor res -
ponding v a l u e  of va l v e  c o e f f i c i e n t  c = 4.0 x l om4  f o r  which t h e  t rave l  of 
t h e  v a l v e  i s  approximately 90% of f u l l  t r a v e l .  For 0.0011 c f s ,  c = 1 , 4  
and t h e  v a l v e  t r a v e l  is  approximate ly  a t  5% of f u l l  travel.  
VL-2a Pneumatic Cont ro l  Svstem 
Tlae pneumatic c o n t r o l  sys tem f u r n i s h e s  two purposes .  F i r s t ,  i t  
ope r a t e s  the  au toma t i c  c o n t r o l  v a l v e s  accord ing  to t h e  p r e s s u r e  requiremen? 
a t  certain p o i n t s  In the r e c i r c u l a t i o n  arid d i s t r i b u t i o n  system t o  r e g u l a t e  
a u t oma t i c a l l y  t h e  f l aw  r a t e  s upp l i e d  t o  produce rainfall as desired.. Sec-
ondly,  i t  p rov ides  a s a f egua rd  a g a i n s t  exces s  p r e s s u r e  i n  t h e  r e c i r c u l a t i o n  
and d i s t r i b u t i o n  system due t o  waterhammer by s h u t t i n g  down the pump and 
o t h e r  v i t a l  components t o  avo id  damage of  the WES and t o  n u l l i f y  a par-
t i c u l a r  test which apparently does not  s a t i s f y  t h e  d e s i r e d  experimental 
c ond i t i on .  
The pneumatic c o n t r o l  s y s  tern b a s i c a l l y  b r a n c h e s  into two p a t h s ,  
one f o r  t h e  high-flow p i p e l i n e  and t h e  o t h e r  for t h e  low-flow p i p e l i n e .  
It was des igned  by E l e c t r o n i c  As soc i a t e s ,  Inc .  t o  ma i n t a i n  the p r e s su r e  
a t  t h e  e n t r a n c e  t o  t h e  d i s t r i b u t i o n  network w i t h i n  approximate ly  1%of 

c f s . 
Tne pneumatic c o n t r o l  sys tem consists ~f t w o  pnelrmatic con t ro l l e r s  
to cont ro l  t h e  two automatic  c o n t r o l  valves, an i n d i c a t i n g  pressure control 
un i t ,  a p r e s su r e  t r a n sm i t t e r ,  an a i r  f i l ter-pressure r egu l a t o r ,  an air 
compressor,  and f i v e  so leno id  va lves  a c t i ng  as  electro-magnetic  p re s su re  
r e l a y s .  In  essence,  t he  pneumatic system i s  connected t o  t h e  hydraulic 
system on one s i d e  and t o  the e l e c t r o n i c  system on t h e  o the r .  The arrange-
ment of t h e  components of t h e  pneumatic con t r o l  system a s  shown schemat ica l ly  
i n  F i g .  15 i s  such t h a t  t h e  t r a n s i e n t  response t o  a change in f l o w  in t h e  
water supply  system i s  l im i t e d  by t h e  va lve  a c t u a t o r  t i m e  cons t an t .  The 
time cons tan t  ranges from 3 s e c  from f u l l y  open t o  fully close  of the  
c on t r o l  valve on the  high-flow l i n e  t o  approximately % s e c  for the low--flow 
l i n e .  In  most of  the experiments, only p a r t i a l  chzznge of v d v e  opening is 
necessa ry  
(A) Pneumatic Con t ro l l e r s  
Two i d e n t i c a l  pneumatic c o n t r o l l e r s  ' one for t h e  high-flow l ine  
and t h e  o t h e r  f o r  the low-flow l i n e  a r e  used t o  operate  the 2-1/2-in. and 
1/2-in. f low control. va lves .  Sel-ect ion of either t he  high- o r  low-flow 
1;-e is dme by 22 e lec t r i c  s ~ f t - c h .  The.pneumatic con t ro l l e r s  are Fiscfrer-L&h.A 
aund P o t t e r  Model 53PM4610 wi th  an ope r a t i ona l  l i m i t  s f  38 p s i ,  air consump-
t i o n  o f  0.0025 c f s ,  and a supply  of 20 p s i  r e gu l a t e d  and f i l t e r ed  a i r .  
They ope r a t e  on t h e  motion ba lance  p r i n c i p l e ,  receiving se t  p o i n t  and 
measured p r e s su r e  informat ion  a s  3 to 15 p s i  signals throggh miniaturn, 
bel lows elements .  The pneumatic controllers vary a 3 t o  15 p s i  ou tpu t  
s i g n a l  i n  accordance with the dev ia t ions  between s e t  p o i n t  and measured 
v a r i a b l e .  This change i n  a i r  p r e s s u r e  is  converted i n t o  mechanical motion 
f flow c o n t r o l  va lve  p l u g  i n  r e l a t i o n  t o  t h e  s e a t .  The va lve ,  i n  t u r n ,  regu-$ 
i l a t e 3  t h e  flow of wa t e r  t o  ma in t a in  t h e  downstream p r e s s u r e  a t  t h e  d e s i r e d  I 

k (B) I n d i c a t i n g  P r e s s u r e  Con t ro l  Un i t  
3 
P
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i The i n d i c a t i n g  p r e s s u r e  c o n t r o l  u n i t  i s  the b r a i n  of the  pneumatic 
c o n t r o l  system.  It p rov ides  t h e  neces sa ry  o p e r a t o r  c o n t r o l s  and i n d i c a t o r s  
t o  i n t r o d u c e  s e t  p o i n t  p r e s s u r e  changes and t o  obse rve  t h e  o v e r a l l  perform- 
ance of t h e  pneumatic c o n t r o l  system. The u n i t  i s  a F i s che r  and P o t t e r  Model 
1213WK14 i n d i c a t i n g  c o n t r o l  s t a t i o n .  It ope ra t e s  on 15 p s i  i n p u t  and ou t pu t  
wi th  + 0.25% accuracy ,  + 0.1% s e n s i t i v i t y ,  and 20 p s i  r e g u l a t e d  and f i l t e r e d  
a i r  s upp l y  from t h e  a i r  compressor.  
The 3 t o  15  p s i  pneumatic  s i g n a l  i n p u t s  t o  t h e  p r e s s u r e  c o n t r o l  
u n i t  a r e  r e c e i v ed  from t h e  p r e s s u r e  t r a n sm i t t e r  and from t h e  s e l e c t e d  
pneumatic c o n t r o l l e r .  The c o n t r o l  u n i t  output  t o  t h e  pneumatic c o n t r o l l e r  
i s  a 3 t o  15 p s i  s i g n a l  i n d i c a t i n g  t h e  d e s i r e d  se t  po i n t  p r e s s u r e  mzinually 
set by t h e  ope r a t o r  a s  i n d i c a t e d  a t  t h e  c o n t r o l  u n i t  f r o n t  p ane l .  Both set  
p o i n t  p r e s s u r e  and measured p r e s s u r e  from t h e  t r a n sm i t t e r  a r e  con t inuous ly  
d i s p l ay ed  on a concen t r i c  3-1/2-in. d i a l  i n  t h e  c o n t r o l  u n i t  f r o n t  panel .  
1p 
g A s e p a r a t e  meter  i s  prov ided  t o  i n d i c a t e  t h e  v a l v e  p o s i t i o n  r ece ived  as a gI 
1
f 3 t o  15 p s i  s i g n a l  from t h e  pneumat,ic c o n t r o l l e r .  The r e c e i v i n g  elements  
; i n  t h e  c o n t r o l  u n i t  a r e  of t h e  diaphragm type which a c t u a t e  t h e  gauges. 
(C )  P r e s s u r e  T ransmi t t e r  
The p r e s su r e  t r a n sm i t t e r  con t inuous ly  moni tors  t h e  p r e s s u r e  
measured by a p i ezome t r i c  h o l e  i n  t h e  3-in. V i c t a u l i c  Tee a t  t h e  entrance 
t o  the wa t e r  d i s t r i b u t i o n  network and converts  i t  t o  a  p r o p o r t i o n a l  
pneumatic ou tpu t  f o r  t r a n sm i s s i on  t o  t h e  p r e s s u r e  c o n t r o l  u n i t .  The t u b i n g  
l e ng th  (sensor- t ransmi t te r )  i s  minimized t o  6 f t  s o  t h a t  t h e  response of 
t h e  t r a n sm i t t e r  is p r a c t i c a l l y  no t  inf luenced  by t h e  tubing  l eng th .  
The pressure t r a n sm i t t e r  is  a Fiseher  and P o t t e r  E?odel 1101-PS-01 
w i t h  mechanical d a m  f o r  a p r e s su r e  range from 0 t o  20 p s i  with .asens i -
t i v i t y  of  0.2% and accuracy 0.5% opera t ing  under a supply of 20 p s i  f i l t e r e d  
and r egu l a t ed  air .  from t h e  air compressor. A 5-in. concen t r i c  sca le  and 
an ou tpu t  gauge d i sp l ay  t h e  measured p re s su re  and t h e  converted 3 t o  15  p s i  
ou tpu t  s igna l .  The alarm l i m i t  i s  ad j u s t ab l e  over t h e  f u l l  range of  0 t o  
20 p s i  and i s  s e t  f o r  the p r e s en t  experimentat ion a t  the maximum opera t ing  
p r e s su r e  r a t i n g  of 15  p s i  o f  the so leno id  valves i n  t h e  EDVA. The a l am  
sens ing  device  i s  a c t u a t ed  by t h e  p r e s su r e  senso r ,  r e s u l t i n g  a mechanical 
contact on r i s i n g  motion of t h e  po i n t e r .  Closure of  the  alarnk c i r c u i t  r.rould 
s h u t  o f f  the 45 HP pump. 
(D) Electro-Pneumatic Relays 
The electro-pneumatic  r e l a y s  t o  d i s t r i b u t e  t h e  pneumatic s igna ls  
t o  t h e  app rop r i a t e  components i n  the pneumatic c o n t r o l  system cons i s t  of 
t h r e e  3-way so leno id  va lves ,  K 1 ,  K 3 ,  and K 4 ,  and two 2-way so leno id  valves, 
K2 and K5 ,  a s  shown i n  Fig. 15. The 3-way so leno id  valves K1, M 3 ,  and K4 
a r e  ASCO Model 83148, p i p e  s i z e  1/4-in. NPT, o r i f i c e  s i z e  I/$-in., c o i l  
r a t i n g  115V, 60 cyc le s ,  11wa t t s ,  i n s t a l l e d  on a  board near t h e  pneumatic 
c o n t r o l l e r s .  The 2-way so leno id  va lves  a r e  ASCO Nodel 826339 ,  p ipe  s i z e  
1 /4- in .  WPT, o r i f i c e  s i z e  1/4-in. , c o i l  r a t i n g  l15V9 68 cyc l e s ,  90 wa t t s ,  
mounted i n  a me ta l  box which a l s o  houses the  switches t o  s e l e c t  t he  h igh  
o r  l o w  f Pm  l i n e  and t o  c on t r o l  remotely t h e  f i v e  b l eede r s  i n  t h e  d i s t r i b u -  
t i on  network. The so leno id  va lves  t o  opera te  t h e  f i v e  b l e ede r s  a r e  f ive  
ASCO Model 831622 3-way va lve s ,  p i p e  s i z e  1/2-in.  NPT, o r i f i c e  s i z e  5/8 
i n ,  c o i l  r a t i n g  1P5V, 60 cyc l e s ,  10 wa t t s .  

Se lec t ion  of t h e  flow l i n e  by the high-low flow l i n e  s e l e c t o r  

switCh a c t u a t e s  electro-magnetic  r e l a y  K 3  o r  K4 t o  a i r  load under pressure 

* t h e  f lmr  c o n t r o l  valve a c t u a t o r ,  t hus  s h u t s  o f f  one of t he  t w o  flow 
c o n t r o l  va lves  as s e l e c t e d ,  The flow c o n t r o l  va lve  p o s i t i o n  s i g n a l  i s  
s i m i l a r l y  switched by r e l a y s  K2 and K 5  t o  the valve i n d i c a t o r .  Relay KI 
t r a n s m i t s  s e t  p o i n t  p r e s s u r e  informat ion  t o  the  appropr i a t e  pneumatic 
c o n t r o l l e r  t o  complete the high-low t r a n s f e r .  
The s a f e t y  a l lowable  p r e s s u r e  alarm signal de tec t ed  i n  t h e  
p r e s s u r e  t r a n s m i t t e r  is  a l s o  terminated i n  the electro-pneumatic  r e l a y  
system, The alarm s i g n a l  de-energizes a heavy du ty  AC con tac to r ,  Allen 
Bradley Model 702DOH93, which d isconnects  t h e  e l e c t r i c  power supply line 
t o  the  water pump motor. The e l e c t r i c a l  i n t e rconnec t ion  i n  t h e  pneumat ic  
con t ro l  system is  shown i n  F ig .  16. 
(E) Air Compressor and F i l t e r -Regu la to r  
The a i r  supply t o  t h e  pneumatic c o n t r o l  system i s  provided by 
an air compressor, Honeywell Model WP201B wi th  a 20 gal tank and a 1 / 2  KP 
motor. A i r  through t h e  i n t a k e  f i l t e r  a t  an approximate r a t e  of 0.833 c f s  
is  pumped by t h e  compressor i n t o  t h e  high p r e s s u r e  tank and f e d  t o  t h e  
fllter r e g u l a t o r .  
The ins t ruments  i n  t h e  pressure-f  low c o n t r o l  assembly a r e  designed 
t o  o p e r a t e  a t  a f i l t e r e d  r egu la t ed  air pressu re  of 20 p s i .  S ince  the  
p r e s s u r e  o f  a i r  from t h e  compressor is  h igh  and f l u c t u a t e s  over  a wide  range, 
i t  m u s t  b e  s t a b i l i z e d  b e f o r e  being f e d  t o  t h e  ins t ruments .  A Honeywell Mode 
PP902A s ing le -p res su re  a i r - f i l t e r  r e g u l a t o r  i n s t a l l e d  a t  t h e  downstream end 
of t h e  a i r  compressor i s  used f o r  t h i s  purpose. The a l lowable  i n l e t  
p r e s s u r e  range of the  f i l t e r  r e g u l a t o r  i s  45 t o  150 p s i  and t h e  p re s su re  
i s  a d j u s t a b l e  from 0 t o  25 p s i .  Regulated ou tpu t  a i r  p r e s s u r e  of 20 psi is 
used i n  t h e  p resen t  s tudy.  
-3. PDS 1020 D i g i t a l  Computer 
The PDS 1020 i s  a desk-s ize ,  e1ectrornic3 s e r i a l ,  dec imal ,  d i g i t a l  
,purer manufactured by Pac i f ic  Data  Systems, h c . ,  a s u b s i d i a r y  of  
. c t ron ic  Assoc i a t e s ,  I nc .  ( E A I )  . The computer o p e r a t e s  on 115 v o l t ,  60-
s ing le -phase  power a t  a  r a t e  of  475 watts. The f u n c t i o n a l  p a r t s  of 
1 the  computer i n c l u d e  a  memory u n i t  f o r  i n t e r n a l  s t o r a g e  of programs and5 
data,  a r i t h m e t i c  and l o g i c  c i r c u i t r y  f o r  manipula t ing  i n s t r u c t i o n s  and 
data, i n p u t  and ou tpu t  equipment f o r  communication, a c o n t r o l  p a n e l ,  a 
power supp ly ,  and a s s o c i a t e d  w i r i n g  and c i r c u i t r y  neces sa ry  t o  i n t e r -  
@
B connect the elements  s o  t h a t  they may p e r f o m  as a system t h e  func t i ons  3
k"
kc f o r  which t hey  a r e  in tended .  

lf The memory u n i t  c o n s i s t s  o f  m a g n e t o s t r i c t i v e  de l ay  l i n e s  

! opera t ing  a t  2.02 megabi ts  p e r  s e c  w i t h  a capacity of 4096 words,  1 7  b i t s  

8 
t ( 4  decimal  d i g i t s  and sign) p e r  word, and v a r i a b l e  i n  4 d i g i t  m u l t i p l e s  8
d 
up t o  24 dec imal  d i g i t s  and s i g n .  Memory i s  s e q u e n t i a l l y  o rgan ized  i n  

modules of 1024 words. The e n t i r e  memory i s  p a r i t y  checked by a  s e c t o r .  

L The computer has  7 machine r e g i s t e r s  which are used i n  pro-
L 
gramming and ope ra t i on ;  namely, i n s t r u c t i o n  r e g i s t e r ;  n e x t  i n s t r u c t i o n  
address ;  word l e n g t h  r e g i s t e r ;  i ndex  r e g i s t e r ;  l ink-address  r e g i s t e r ;  
accumulator;  and s i g n  of accumulator .  Accumulator l e n g t h  is  25 decimal 
d i g i t s  excPus ive  of  s i g n ,  Contents  of  t h e  va r ious  r e g i s t e r s  can be 
checked i n  the r e g i s t e r  d i s p l a y  l i g h t s  wi thout  r e s o r t i n g  t o  t h e  scopes 
or o t h e r  i n d i r e c t  viewing dev ices  by s e t t i n g  t h e  d i s p l a y  sw i t ch  t o  t h e  
i a p p r o p r i a t e  r e g i s t e r .  The average  a r i t h m e t i c  execu t ion  t imes  f o r  4 
6
5 
f d i g i t s  a r e  4.6 x l o w 3 s e c  f o r  a d d i t i o n  and s u b t r a c t i o n  and 23 x 10-3 s e cf
2 
+A 
 f o r  m u l t i p l i c a t i o n  and d i v i s i o n .  bg 
li 

The i n p u t  e lements  , o f  t h e  PDS 1020 computer c o n s i s t  of a 50 
k 
c h a r a c t e r  p e r  s e c  paper  t a p e  r e a d e r  and an  o p e r a t o r vs l&key  numeric 
t5E-E 
i n p u t  keyboard f o r  s e r i a l  hexadecimal  da t a .  The ou t pu t  e lements  c o n s i s t  
of a 50 c h a r a c t e r  p e r  s e c  paper  t a p e  punch and a 15  c h a r a c t e r  p e r  s e e  I BM  
s e l e c t r i c  t y p ewr i t e r .  The tape punch together  w i t h  i t s  two push-push type 
c o n t r o l  sw i t ches  i s  l o c a t e d  a t  the r i g h t  s i d e  of the desk t op  panel of t h e  
computer,  The ON swi tch  of t h e  punch c o n t r o l s  t h e  power supply t o  the punch 
and t h e  FEED swi t ch  runs t h e  paper  t a p e  through t h e  punch w i t hou t  punching 
any i n f o rma t i on  on t h e  t a p e ,  The t a p e  r e ade r  and i t s  two push-push type  
sw i t c h e s  are l o c a t e d  on t h e  desk p a n e l  j u s t  l e f t  of the  tape  punch* The ON 
b u t t o n  c o n t r o l s  t h e  power supply  t o  t h e  r e ade r  and the EJECT b u t t o n  runs 
t h e  p ape r  t a p e  through wi thou t  r ead ing ,  Both r e a d i n g  and punching processes 
are a c t i v a t e d  by dep re s s ing  t h e  START bu t t on  on the  c o n t r o l  panel .  
I n  a d d i t i o n ,  two channe ls  f a r  i n p u t  a d  ou t pu t  o f  1 7  b i t  p a r a l l e l  
d a t a  are provided .  The p a r a l l e l  channe ls  are also provided  w i t h  i n t e r f a c e  
e l e c t r o n i c s  and i n c l ude  r e c e p t a c l e  connec tors  f o r  connec t ing  them t o  external 
d ev i c e s ,  the  c o n t r o l  conso le ,  Each of t h e  p a r a l l e l  i n p u t  and ou t pu t  channels 
contains 4 external sense Ifnes  which m_ay b e  tested under program contro l ,  
The 4 e x t e r n a l  sense l i n e s  of  the  pa ra l l e l  i npu t  channel are interconnected 
t o  fsur . .of  the para l le l  ou tpu t  channe ls  and t h e  computer may t e s t  up t o  a 
maximum t o t a l  of 4 s e n s e  l i n e s  r e g a r d l e s s  o f  whether  the i n p u t  o r  ou tpu t  
Lines  are used ,  
A l l  i n p u t  and ou tpu t  dev i ce s  are capable  ~f ope r a t i ng  I n  two modes: 
e n t e r i n g  i n s t r u c t i o n s  and d a t a  f o r  s t o r a g e  i n  t h e  computer ' s  memory, and 
e n t e r i n g  i n s t r u c t i o n s  and execu t ing  them d i r e c t l y  as they  are en t e r ed .  It 
i s  t hu s  p o s s i b l e  t o  ope r a t e  t h e  computer from i n t e r n a l l y  s t o r e d  programs or 
from e x t e r n a l l y  entered i n s t r u c t i o n s  o r  through any combination of  s to red  
p r og r a a  and external i npu t .  The average execu t ion  t i m e  f o r  l o ad i ng  o r  
copying i s  4.6 x PO-3 seea 



Error  clear switch.  - This i nd i ca to r  i s  turned  on whenever the  
computer de tec t s  a p a r i t y  e r ro r .  It is turned o f f  by dep re s s ing  the  
switch , 
Overf %ow i nd i ca to r ,  - It is  turned on under program c on t r o l  
whenever an overfPow condit ion i s  discovered by t he  machine, 0-s: whenever 
a t e s t e d  sense  switch o r  sense l i n e  has been found to be on o r  t r ue ,  
Power swi tch .  - This  i s  a push-push i nd i ca to r  switch i l luminated 
when t he  e l e c t r i c  power supply t o  the  computer i s  on, and no i l luminat ion 
I/ 
when t h e  power i s  o f f ,  
Sense switches.  - Tne PDS 1020 has 4 branch sense switches,  
numbered as 1, 2 ,  3, and 4 ,  which may be turned on o r  off  by the  ope ra to r ,  
Switch s e t t i n g s  can be t e s t ed  under program con t ro l  e i t h e r  s i ng ly  o r  i n  
combinatf ons. 
Single  cycle switch.  - This i nd i ca to r  is  used t o  i n i t i a t e  and 
terminate  t he  s i n g l e  cycle mode and t h e  switch i s  i 8 fm in a t e d  when the 
S t a r t  switch. - A moanentar-y switch indicator used t o  s t a r t  execu-
t i on  of a program with  the computer i n  an i d l e  s t a t e  and t o  cycle the 
machine dur ing  the  s i n g l e  cycle  mode o r  t o  read a tape. The switch i s  
i1.luminated when t he  computer i n  an i d l e  condit ion.  
Specia l  funct ion switches.  - The PDS 1020 i s  equipped with 10 
s p e c i a l  func t ion  switches t o  execute subroutines that have been s tored i n  
the  memory of the  computer. These switches a r e  as  follows : 
Test- Jump (M f :  i f  A i s  negat ive ,  jump t o  program N, M = P - 6 ;  
i f  A i s  po s i t i v e  ignore t h i s  i n s t r u c t i o n )  
Input Variable ( input  da t a  value  from key board  o r  tape) 
Sine ( s i n  A, A i n  r ad ,  I A I  < 30,000)  
(cos A, A i n  r a d ,  / A I  < 30,000) 
c JW) 
(eA < ~ O , O O O ,  o r  A < 9 . 2 )  

-1 

Arc Tangent ( t a n  A) 
Execute (N +: Execute program N which. was p r e v i o u s l y  s t o r e d  i n  
memory, N = 1 - 6 )  
N - P r i n t  program N which was p r e v i o u s l y  s t o r e d  i n  
memory, N = 1 - 6 )  
Retain (End t h e  r e t a i n  mode) 
(M +: S t o r e  subsequent  i n s t r r a c t i s n s  i n  memory a s  program fa, 
N = 1 - 6 )  
QN -: Punch program N which was p r e v i o u s l y  stored i n  memory, 
N =  1 - 6 )  
The symbol A r e p r e s e n t s  t h e  v a l u e  i n  t h e  accumula tor .  A subsequent 
mod i f i ca t i on  of I n t e r p r e t e r  Program by PDS pe rmi t s  N = 1 - 1 4  i n s t e a d  of 
1 - 6 The above t e n  sw i t ches  o p e r a t e  through t h e  keyboard i n p u t  channel 
and are enabled  whenever t h e  computer i s  ready t o  accep t  i n fo rma t ion  from 
the  keyboard.  The i n s t r u c t i o n s  Test-Jump, Input  V a r i a b l e ,  Execute ,  and 
Retain  can on ly  b e  executed du r ing  t h e  r e t a i n  mode, 
Operat ion keys.  - There a r e  6 o p e r a t i o n  keys .  The L key makes 
t h e  computer ready t o  l oad  a number i n t o  t he  a r i t m e t i c  u n i t .  The C key 
enables  t h e  number t o  b e  copied from t h e  a r i t h m e t i c  u n i t  i n t o  s c r a t c h  pad 
l o c a t i o n .  The A: S: M, and D keys a r e  f o r  add, s u b t r a c t ,  m u l t i p l y ,  and 
Numeric i n p u t  keys. - The numeric keys c on s i s t  o f  ten d i g i t  keys 
from 0 t o  9 ,  and two s i g n  keys, + and -, The + key is a l s o  a decimal p o i a t  
key and the - key a GO key. The GO and the 9 keys a l s o  act  as  con t inu i ty  
and a c t i o n  keys i n  ope ra t ion ,  
Keyboard d e a n  switch. - This switch i s  p rov ided  t o  c l e a r  the 
s e t t i n g  on t h e  op.eration. o r  numeric i n pu t  keys when necessary .  
For t h e  p r o g r am i n g  language t h e  PDS 1620 computer accep t s  Engi-
nee r  I n t e r p r e t e r ' s  -prog;am a n d  t h e  more b a s i c  Machine Language. Deta i l s  
of .  p r og r amfng  i n  these  languages and ope ra t ion  can be found i n  t h e  guide 
books, "An .Engineer's Guide t o  t h e  PDS 1020 D i g i t a l  Computer" and  "Progxammer" 
Handbook" fu rn i shed 'by  PDS. A l i s t  of t h e  s p e c i a l  programs p e r t i n e n t  t c  
t h i s  r e sea rch ,  all. i n  Machine Language, is given i n  Appendix IT. 
V1-4- I n t e r f a c e  Control  Console 
The I n t e r f a c e  Cont ro l  Console ( I C C )  has  t h e  fo l lowing six functions 
( a )  It provides a manual con t r o l  on t h e  EDVA" in add i t ion  t o  
the  au tomat ic  computer con t r o l .  
(b It provides t h e  necessary  d ig i t a l - ana log  i n t e r 2ace between 
t h e  PDS 1020 ' d i g i t a l  computer and t h e  EDVA'S, t ransforming the programed 
. . 
r a i n s  t o m  i n f oma t i o n  from the computer o r  t h e  manual con t r o l  i n  t h e  conso%e 
t o  t h e  E D v A ' ~ ,  
(c )  It provides a scanner  t o  check t h e  opera t ion  of t h e  EDVA's. 
(d)  It provides the necessary  i n t e r f a c e  between t h e  sonars and 
flow meters  and t h e  computer by a counter  t o  count t h e  measurements and a 
device t o  t ransmi t  t h e  d a t a  t o  t h e  d i g i t a l  computer. 
(e) It has a b u i l t - i n  time con t r o l  device  t o  monitor the  bas ic  
time i n t e r v a l s  f o r  experimental. ope ra t ion  and d a t a  a cqu i s i t i on .  
( f )  It c o n s i s t s  of a power supply  u n i t  t o  supply  28V DC f o r  t h e  
p e r a t i o n o f  t h e  s o l eno i d  v a l v e s  o f  t h e  EDvA'~.  
The I C C  w a s  s p e c i a l l y  des igned  and manufactured by EAI  f o r  t h i s  
esearch p r o j e c t ,  The c s n s c l e  i s  ope ra t ed  on 115V, 60 cyc l e ,  AC power. The 
ower supp ly  u n i t  t o  supply  i n t e r n a l  DC power and t o  t rans form t h e  115V AC 
o 28V DC t o  ope r a t e  t h e  EDVA s o l e n o i d  va lves  c o n s i s t s  of an EAI 1O0189 
ower supp ly  a s  t h e  p r i n c i p a l  unit a n d  f o u r  115V A C / ~ $ V  DC a u x i l i a r y  u n i t s .  
ach o f  t h e s e  f i v e  u n i t s  ha s  a n  on-off swi tch  and a s m a % l  %amp which i s  
l l umina t ed  when t h e  swi tch  i s  on. F ive  f u s e s  a r e  a t t a ch ed  t o  t h e  p r i n c i p a l  
However, t h e  o r i g i n a l  power supply  u n i t  was soon found inadequa te  
and l a t e r  a s e p a r a t e  new power supp ly  u n i t  was added t o  boa s t  t h e  power 
supply.  The ope r a t i on  l o g i c  of t h e  c o n t r o l  conso le  i s  shown schematicaPly 
n  Fig.  18, It i s  b a s i c a l l y  d i v i d ed  i n t o  t h e  r a i n s t o rm  s imu l a t i on  l o g i c  
(F igs .  18a ,and 1 9 )  and t h e  measurement l o g i c  (F ig s .  18b and 2 0 ) .  The 
I ope ra t i on  sequences  of t h e s e  l o g i c s  a r e  set  by a t i m e  coun te r  (F igs .  20a, 21) .B 
(A) Rains  t o m  Simula t ion  Logic  
The r a in s to rm s imu l a t i on  l o g i c  c i r c u i t  t r a n s f e r s  i n fo rma t ion  from 
t h e  PDS 1020 computer t o  t h e  EDVA'S. The s canne r  used i n  t h e  conso le  i s  a 
Reed Relay Scanner Model 100/4 w i t h  100 channels  which i s  used w i t h  Reed 
Relay modules o f  4 w i r e s  p e r  channel .  The Scan Mode S e l e c t o r  r o t a t o r y  
swi tch  can b e  s e t  a t  e i t h e r  S i n g l e  Scan o r  Continuous Scan p o s i t i o n .  A t  
t he  fo rmer  p o s i t i o n  t h e  s canne r  w i l l  s t a r t  from t h e  a s s igned  f i r s t  channel  
through t o  t h e  a s s igned  l a s t  channe l  and then  go t o  s tandby.  At t h e  l a t t e r  
P o s i t i o n  t h e  s canne r  w i l l  s ta r t  t h e  ass igned  f i r s t  channe l  through t o  t h e  
l a s t  channe l  and come back t o  t h e  f i r s t  channel  t o  r e c y c l e  u n t i l  i t  i s  
commanded t o  s t o p ,  The scanqing  speed  i s  c o n t r o l l e d  by a po t en t i ome te r  
C, 
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The flow of the f i v e  bits of  in format ion  r equ i r ed  t o  se t  one 
s o l e n o i d  v a l v e  a r e  examined i n  t h e  r a i n s t o m  s i m u l a t i o n  l o g i c ,  t h e  f i f t h  
b i t  b e i n g  a s i g n  b i t B  A p o s i t i v e  s i g n  bit enables  t h e  scanner  t o  s t e p  f r o 2  
one v a l v e  t o  t h e  n e x t ,  a  n e g a t i v e  s i g n  b i t  r e s e t s  t h e  scanner  and i n h i b i t s  
i n f o m a t i o n  t r a n s f e r  through t h e  s canne r ,  This l o g i c  c i r c u i t  i s  loca t ed  
i n  the t op  card f i l e  (No. 0) c o n s i s t i n g  of f i v e  ca rds  (Figs .  %9a t o  19e) , 
In the ou tpu t  c o n t r o l  l o g i c ,  (Fig .  l 9 a ) ,  a n e g a t i v e  l e v e l  on p i n  H 
i n d i c a t e s  t h a t  t h e  PDS PO20 i s  ready t o  ou tput  t h e  f i v e  d a t a  b i t s .  One s h o t  
2a t hen  d e l i v e r s  a 2 p sec  p u l s e ,  i n v e r t e r  i n  B l a ,  which a c t s  as the  s t r o b e .  
The s t r o b e  a l s o  r e s e t s  Flip-Flop DF/F 5e, which o u t p u t s  on p i n  M (through 
LS7 ) t o  the computer, acknowledging data  r ece ived ,  The computer then 
e 
r e t u r n s  "output  ready" on p i n  H t o  ground, s e t t i n g  F l ip - f lop  DF/F 5e, which 
ends t h e  dev ice  acknowfedge s i g n a l ,  The FDS 1020 d a t a  i s  now i n  the f ive  
togg le s :  (QI la, l a )  (QI 3,,
 3,)
 (QI5a9 5,) 
 9 (QI 7 a 3  7,)s and a sign 
togg le .  The f i rst  f o u r  b i t s  are d i sp l ayed  on the  f o u r  push b u t t o n  i n d i c a t o r  
s w i t c h e s o  Mote t h a t  pushing any b u t t o n  s e t s  t h e  corresponding t ogg l e  t o  
t he  0 state. 
T h e  i n t e n s i t y  s t o r a g e  l o g i c  ca rd  No. 1, (Fig .  19b) l o c a t e d  i n  

p o s i t i o n  Jl, rece ives  t h e  f o u r  b i t s  of PDS 8020 i n f o m a t i o n  on p i n s  P ,  

T ,  U, R (computer l og i c :  l o g i c  0  = 0 v o l t ,  l o g l c  P = -5 v o l t s ) .  On 

3
appl ica t ion  of a p o s i t i v e  going s t r o b e  pu l se  (DB l o g i c ,  l o g i c  O = O v o l t s ,  
Logic I = -9-5 v o l t s )  t o  p i n s  C and E, t h i s  i n f o m a t i o n  sets the f o u r  t ogg le s  
(QI I, l a )  ' (QI 3,, 3;) , (QI Sa9 5,) '2nd (QI 7a, 7,) Note t h a t  t k s e9 a 
t ogg le s  can b e  manually s e t  from t h e  f r o n t  c o n t r o l  pane l .  S i m i l a r l y ,  the 
f i f t h  b i t  e n t e r s  the sign t o g g l e ,  l o c a t e d  on schemat ic  022 561 (F ig .  19c) ; 
' the s t r o b e  e n t e r i n g  on p i n  R. 
1. Reference symbol nmbers are defined as f014ows :FOR LEVEL  - 6~ v - The f i r s t  two d ig i t s  are location coordinates; i .e . ,  Obl i s  osition 0 row b on 
SHIFTER ONLY &@c7 printed board. The third number i s  the component number. T R ~complete number 
would be ObCRl. The "CR" i s  omitted f o r  c la r i ty .  
2.  Unless otherwise specified 
a. Diodes are  C614 1420 
b. Resisters are  ?lo%, 1/4 w 
c. Capacitors are  2.2pf, 25 U V D C ,  +20% 
+5v 
( N . C . )  C 5 
-!+I 
PDS CE ACIRIOWL.DEVI20
- L N.C. 
F i g .  19. ICC rainstorm simulation logic .  ( a )  O u t p u t  control l og i c  
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1. Hodule DI 84 has no +5V 
2. Unless otnerwise specified 
a. Diodes are C614 1420 
b. Resistors are + lM ,  l /4  W 
c. Capacitors are 516 2540 (3.3pfe +20%, 15V). 
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DATA NOT READY (PEPIN 
Fig .  20. ICC measurement l og?c. ( a )  Fi ve-second counter 



econd of t h e  fo l lowing  cy c l e  t h i s  accumulated count  i s  t r a n s f e r r e d  t o  t h e  
conpute ro  During t h e  remainder  of  t h e  f i r s t  second t h e  two s ona r s  are 
1 
~ s e d ,and a count cor responding  t o  dep th  is  t r a n s f e r r e d  t o  t h e  computer. 
B 
3 1 t h r e e  d a t a  t r a n s f e r s  t a k e  approximately 0 .03  s e c .  While f l aw  meter  
d x* 
3 
Bd 
a r e  b e i ng  accumulated du r ing  t h e  l a s t  f o u r  seconds,  t h e  computer i s  
$f 
k? 
r e l e a s ed  t o  perform i t s  o t h e r  f u n c t i o n s ,  such as s e t t i n g  t h e  so l eno id  v a l v e s ,  
i 
(U 
-9 The sona r s  ope r a t e  i n  t h e  fo l lowing  manner: When pu l sed  w i th  a 
C 
3 
Q 
o s h o r t  (vsec)  pu l s e  t h e  s ona r ,  w i l l  r e t u r n  a  p u l s e  f o r  a du r a t i on  (msec) pro-
(U 
"U 
4 
it 
i o n a l  t o  t h e  depth of wa t e r .  The t r ansduce r  de l ay  t ime o f  t h e  sona r  
rU 
a 
.--. 
used i s  20 p s e c  p e r  i n .  of wa t e r  dep th .  A 1-Mc/s c lock  i s  b u i l t  i n  t he  
7II 
V 
counte r  f o r  p rov id ing  t h e  d u r a t i o n  of  t h i s  pu l s e .  Thus, t h e  f i n a l  count 
U 
,-" 
GI 
i s  p r o p o r t i o n a l  t o  t h e  wa t e r  dep th .  This  count i s  then  t r a n s f e r r e d  t o  t h e  
The counte r ,  having a maximum count ing c a p a b i l i t y  of 4000; i s  
3 
'J 
8d 
l o c a t e d  on t h r e e  i d e n t i c a l  c a rds  022 581 (Fig,  20d ) ,  w i th  two e x t r a  k i t s  
%' 
on c a r d  022 574 (Fig.  20b).  
S t a r t i n g  a t  t h e  end of a 5-sec cyc l e ,  t h e  flow meter  g a t e  (ou tpu t  
D on 022 573, Fig.  20a) goes low, s e t t i n g  Fl ip-Flop 1 on 022 573. Output 1 
of t h i s  Fl ip-Flop e x i t s  t o  PDS 1020 Sense sw i t ch  l i n e  1. -.-L'he computer, 
r e p e a t i n g  a "test s en s e  l i n e "  i n s t r u c t i o n ,  immediately  t r a n sm i t s  a da t a  
t 
ready ( n ega t i v e  l e v e l )  t o  p i n  P of schemat ic  022 5 74  (Fig.  20b ) ,  f i r i n g  
one s h o t  2 and one s h o t  3 i n  turn. The t r a i l i n g  edge of one s h o t  3 ou t pu t  
s e t s  t h e  d a t a  ready F l ip -F lop ,  which e x i t s  t o  t h e  computer. The computer 
now e n t e r s  data from t h e  coun te r ,  r e co rd ing  t h e  f low meter  count ings .  A£ ter  
accepting t h i s  data  t h e  PDS 1020 removes t h e  n e g a t i v e  l e v e l  from p i n  P 
( c a r d  022 574, F ig .  20b) ,  r e s e t t i n g  Flip-Flop 1 t o  "da t a  n o t  ready '  c ond i t i on .  
me t o g g l e  ou tpu t  t o  t h e  GCS Contro l  l o g i c  ( ~ i g .19d) e n t e r s  
t h i s  c a r d  on p i n s  T, S, R, and P i n t o  b u f f e r s  B 1  9 l e y  5e9 5es A high 
f r o m  BO enab le s  entry i n t o  t h e s e  b u f f e r s ,  BO goes h igh  b~hent h e  f 0 l l o ~ j . n ~  
a a  

sequence i s  s a t i s f i e d :  

(a) The sign toggle ( p i n  H) is h igh ,  i n d i c a t i n g  s i g n  p o s i t i v e ,  
(b) The scanne r  has  i n d i c a t e d  c l o s u r e  complete.  
This  second f a c t o r  i s  a f f e c t e d  as fo l lows :  The sign t o g g l e  s teps  
t h e  scanner by a p p l i c a t i o n  of a p u l s e  t o  J l 0 ,  p i n  23 of  t h e  s canne r ,  Tfie 
s c a n n e r  t hen  t r ansmi t s  a p o s i t i v e  going pulse '  t o  p i n  J (Fig .  l 9 d )  i nd i ca -  
t i n g  c l o s u r e .  esmplete ,  t h i s  p u l s e  f i r i n g  one s h o t  OS Sa, Note t h a t  manual 
l oad  on the f r o n t  c o n t r o l  pane l  a l s o  f ires thfs one s h o t .  The one s h o t  
produces a n e g a t i v e  going p u l s e  a t  F i f  t h e  s i g n  t o g g l e  i s  h igh .  Output F 
r e s e t s  a l l  f o u r  s i l i c o n  c o n t r o l l e d  swi tches  momentarily,  The t r a i l i n g  edge 
of one s h o t  OS 5 a l s o  f i r e s  one s h o t  OS 3a. The p u l s e  i s  propagated
a 
through t o  ou tpu t  BO i f  t h e  s i g n  t o g g l e  i s  h igh ,
a 
Thus, the  t ogg le  outputs  e n t e r  B l  le95e ,  5 where they a r e  e $ e 
used t o  d r i v e  t h e  s i l i c o n  c o n t r o l l e d  swi tches  by way of t h e  c i r c u i t r y  
shown schema t i ca l l y  i n  Fig.  19e,  and t h e  scanner. The swi tch ing  c i r c u i t r y  
i s  shown schema t i ca l l y  i n  F ig ,  195. 
(B)  	 Pleasurernent Logic 
The func t ion  o f  t h e  measurement l o g i c  i s  t o  c o l l e c t  sonar  and 
f low. meter d a t a  and t r a n s f e r  them t o  the computer i n  a s u i t a b l e  form (Fig.  1% 
This l o g i c  c i r c u i t  i s  l o c a t e d  i n  t h e  lower card f i l e  (No. 1 )  of the  console .  
A I -Her tz  o s c i l l a t o r  l o c a t e d  behind  t h e  c o n t r o l  p a n e l  a c t s  a s  a system c lock  
f eed ing  a 5-sec countear (Fig.  20a) through i n p u t  B. This  5-sec cyc le  i s  
s p l i t  a s .fo l lows  (Fig.  21) : During t h e  las t fou r  seconds t h e  f low meter 
p u l s e s  are counted w i t h i n  t h e  c o n t r o l  l o g i c .  A t  t h e  s tar t  of t h e  f i r s t  
T r a n s f e r  of  
measurement Fl  ow-meter coun t i ng  
c o un t i n g s  t o  
PBS "l20 and (Computer released for  o the r  f u n c t i o n s )  
t a k i n g  s o n a r  
r e a d i n g s  
See ( b )  f o r  
d e t a i I 
Sona r  1 
F i g .  21 .  Five-second measurement t i m e  cycle 

The PDS 1020 now sends  a no t h e r  d a t a  ready  p u l s e  t o  p i n  P.  One 
3 f i r e s  Sonar I. The same BCD coun te r  i s  used f o r  t h e  l e ng t h  of t h e  
sona r  r e t u r n  p u l s e ,  be ing  clocked a t  a l Mc/s rate. The coun t  i s  en t e r ed  
$ i n t o  t h e  computer as be fo re .  F i n a l l y ,  t h e  computer t r a n sm i t s  a t h i r d  d a t a  
$ 
t 

i 
1 ready p u l s e ,  and t h e  Sonar 2 d a t a  i s  c o l l e c t e d .  
1 
t Note t h a t  t h e  coun te r  i s  reset a f t e r  each  ope r a t i on  by OS No. 1 
4 
1 ou t pu t ,  l o c a t e d  on schemat ic  022 574 (F ig .  20b).  
The sequence of s e l e c t i o n ,  namely, f l ow  meter d a t a ,  Sonar 1, and 
Sonar 2 ,  is  c o n t r o l l e d  by a two b i t  coun te r  Fl ip-Flop 2 ,  which i s  l o c a t e d  
on Schematic  022 574 (F ig ,  20b).  
(C )  Con t r o l  Pane ls  
As shown i n  Fig. 22 ,  two c o n t r o l  sw i t ch  p ane l s  are l o c a t ed  on the  
upper p a r t ,  above the  c i r c u i t  c a r d  f i l e  decks,  of  t h e  f r o n t  f a c e  of I C C .  
A t  t h e  l e f t  s i d e  of  t h e  lower  c o n t r o l  sw i t ch  p a n e l  are t h e  power c o n t r o l  
sw i t c h e s*  Near t h e  c e n t e r  is  a  main power (115 V AC) on-off sw i t ch  to -
g e t h e r  w i t h  two power i n d i c a t i o n  l i g h t s :  STANDBY and OPEWTE, This power 
sw i t ch  shou ld  b e  turned on b e f o r e  any of  t h e  f i v e  sw i t ches  of  t h e  f i v e  
DC power supp ly  u n i t s  l o c a t e d  a t  the lower p a r t  of t h e  f r o n t  face of t h e  
console are turned on. A t  the lower l e f t  side of the p ane l  i s . the  POWER 
SUPPLY MONITOR which monitors  t h e  DC supp ly  of  4-28, 4-12, +5, -6 ,  and -12 
v o l t s  as d e s i r e d .  Immediately above t h e  POWER SUPPLY MONITOR i s  a DC 
v o l tme t e r ,  rang ing  from -15 t o  +15 and -6 t o  +6 v o l t s .  
. . 
At t h e  r i g h t  h a l f  of t h e  lower  c o n t r o l  sw i t c h  p ane l ,  n e a r  t h e  
J 
c e n t e r  i s  a r e c i r c u l a t i n g  wa t e r  supp ly  l i n e  f low r ange  c o n t r o l  switch 
marked a s  U FLOW METER^^. When t h e  sw i t c h  i s  a t  HIGH p o s i t i o n  t h e  2-1/2 i n .  
f low m e t e r  i s  i n  ope r a t i on  and a t  LOW p o s i t i o n  t h e  l / 2 - i n .  f low meter  i s  
i n  ope r a t i on .  A t  t h e  upper r i g h t  s i d e  of  t h e  lower  p ane l  t h e r e  a r e  f ou r  
F ig .  22.  Interface con t r o l  console .  ( b )  Front 
F ig .  22.  In te r face  control  console. ( c )  Back 
push-push r e d  "FLOW" swi t ches  marked 1, 2 ,  4 ,  8, respectively,  each o f  
which c o n t r o l s  the p o s i t i o n  sf the cor responding  f How r a t e - so l eno id  valve 
of the EDVA and consequently dete rmin ing  the rainfall intensity. Below 
t he  FLOW s w f  t e h e s  are two W U A L  swi t ches  marked CLEAR and SET, . The 
p o s i t i o n  of the  FLOW switches add re s s ing  the s o l e n o i d  valves i s  s e t  by 
the s c anne r  i n  auJomatic ope r a t i on  and by pushing the SET sw i t c h  in manual 
o p e r a t i o n .  Each  of the  FLOW swi t ches  after pu t  on can be  swi tched  of f  
manual ly  by pressing t h e  CLEAR b.ut"son, 
The upper c o n t r o l  switch panel is actually the control pane l  for 
t h e  Reed Scanner which consists of the switches t o  address t h e  i n fo rma t ion  
transfer t o  any one of the  100 EDVA's manually o r  automatically. Since 
t h e r e  are 400 r a ind rop  producers ,  i t  would Rave been desirable t o  address 
and o p e r a t e - each one independen t ly  f o r  the b e s t  c o n ~ r o l .on areal. d i s t r i bu -
t ion  of r a i n f a l l ,  Unfortunately,  the eLec t r on i c  equipment f o r  a three-
d i g i e  c o n t r o l  system i s  cons ide rab ly  more compl ica ted  and expensive than a 
two-digit m e ,  Hence, a two-d ig i t  system w i t h  the PO0 ED~JA'S numbered 
from CiO t o  99 ,  each c o n t r o l l i n g  a module of 4 raindrop producers ,  is a d ~ p t e d  
(Figm 81, 
The number of  the  EDVA which is receiving instrtsa3tisn from t h e  
conso l e  i s  shown. a t  the  d i s p l a y  window of the scarier a t  the l e f t  s i d e  of  
the  upper  pane l ,  The FIRST POSITION and LAST POSITION d i a l s  on the panel  
t o  the r i gh t  of the  d i s p l ay  window se t  by t h e  exper imenter  t he  l i m i t s  of  
EI lVAYs ope ra t ion  i n  an experiment .  
S i x  ope r a t i on  c o n t r o l  sw i t ches  a r e  l o c a t e d  in the Power line of 
the Scanner control  sw i t ch  panel. A t  t h e  l e f t  i s  a swi t ch  marked a2 three 
p o s i t i o n s  as OFF, SCAN,  CQN'T for off, s ing l e - cyc l e  scanning, and cont inu ing  
scarmingy r e spec . t i ve ly .  B~wever, when EAI  b u i l t  t h e  I C C  the s ingle-cycle  
s cann ing  was e l im ina t ed  and he SCAN p o s i t i o n  was wired t o  CONT, Next t o  
1 
and when r e l e a s e d  t h e  scanned p o s i t i o n  a s  shown i n  t h e  d i s p l a y  window 
is s h i f t e d  back  t o  t h a t  d i a l e d  on FIRST POSITION. S t a r t i n g  t h e  ope ra t i on  
is commended by t h e  START b u t t o n  which now i s  i n a c t i v e  by EAI'S rewi r ing .  
The FIRST b u t t o n  c a l l s  for t h e  add re s s  d i a l e d  on FIRST POSITION. The STEP 
bu t t on ,  when pushed on, s cans  t h e  v a l v e  having t h e  number succeeding  t h e  
one shown on t h e  d i s p l a y  window by s i n g l e  s t e p  and i s  used on l y  i n  manual 
mode set by t h e  mode sw i t c h  a t  t h e  r i g h t  s i d e  of t h e  p ane l .  The number 
succeeding  99 i s  00. The MODE sw i t c h  h a s  t h r e e  p o s i t i o n s  : W, ENT, and 
EXT. I n  t h e  EXT mode t h e  v a l v e s  a r e  scanned w i t h  t h e  i n s t r u c t i o n s  on 
FIRST, FLOW, and STEP commanded e x t e r n a l l y  by t h e  PDS 1020 computer o r  
o t h e r  compat ib le  dev i ce s ,  The t i m e  i n t e r v a l  f o r  t h e  computer commanded 
STEP i s  about  0,08 sec ,  I n  t h e  W mode, t h e  EDVA des igna t ed  a t  t h e  
d i s p l ay  window is  addressed  by t h e  SET bu t t on  acco rd ing  t o  t h e  s e t t i n g  
of t h e  FLOW swi t ches ,  Subsequent ly  t h e  FLOW swi t ches  may be  r e s e t  t o  
r eadd re s s  t h e  same EDVA by pushing SET, o r  t o  se t  t h e  n ex t  EDVA by pushing 
STEP, o r  to set  the  EDVA (caz be  my EDVA) dialed on t he  FIRST POSITION 
by push ing  t h e  FIRST bu t t on .  I n  t h e  INT mode, the EDVA'S a r e  scanned 
au t oma t i c a l l y  and cont inuous ly  i n  sequence a t  an i n t e r n a l l y  c on t r o l l e d  
time i n t e r v a l  of 0 .2  s e c  p e r  s t e p ,  w i t h  t h e  LAST POSITION fol lowed by t h e  
KCRST POSITION, I n  t h i s  made t h e  FIRST and FLOW i n s t r u c t i o n s  may be  
mmua%ly commanded a s  i n  t h e  PIAN mode. 
In  performing exper iments  i t  i s  recommended t h a t  CLEAR and FIRST 
bu t tons  be p r e s s ed  j u s t  a f t e r  sw i t ch ing  on t h e  c on so l e ,  s o  t h a t  t h e r e  i s  
no uns cheduled va lve  ope r a t i on s .  
Fig .  23. Potter Flowmeters 
VII. MEASUKEP.IENT SYSTEM 
There a r e  f o u r  f low measurement systems i n  t h e  WES. Two of them, 
e P o t t e r  F l ow e t e r s  and t h e  elbow me te r ,  measure t h e  r a t e  of wa te r  de- 
t o  t h e  r a ind rop  producers .  The o t h e r  two, t h e  s ona r s  and t he  c o n s t a n t  
s charge  f l o a t i n g  s iphon  stage- recorder  s y s  tern, measure t h e  d i s cha rge  from 
e basin. The purposes  of u s i ng  t h e s e  dua l  measurement sys tems  a r e  t o  
p rov ide  a means of double  checking the expe r imen ta l  measurements and a means 
t o  per form experiments  when t h e  e l e c t r o n i c  components, p a r t i c u l a r l y  t h e  com-
p u t e r ,  are n o t  f unc t i on i ng  p r ope r l y .  
V I I - 1 ,  P o t t e r  Fl~wmeters 
The t u rb ine - type  f low me t e r s ,  Po t t e rme t e r  model 5942X ,  .manu-
f a c t u r e d  by P o t t e r  Ae ronau t i ca l  Corp., Union, New J e r s e y ,  a r e  i n s t a l l e d  
f o r  au toma t i c  measurements o f  t h e  f low r a t e  of  water d e l i v e r e d  t o  the  
d i s t r i b u t i o n  network by t h e  pump, The 2-in. f low meter i s  connected t o  
t he  3- in .  high-flow l i n e  and t h e  1 /2- in .  meter  i s  connected t o  t h e  1-in.  
low-flow line a s  de sc r ibed  in Sec. V-2-B (Fig. l o ) ,  The two f low Qlnes  
can b e  ope ra t ed  independent ly  b u t  n o t  s imu l t aneous ly .  The l o c a t i o n  of 
t h e  f l ow  meters i s  s ~ c ht h a t  the meters  have more than 10 d iame te r s  of 
s t r a i g h t  p i p e  l e ng t h  upstream of the meter  and more t h an  4 diameters  
downstream as sugges ted  by t h e  manufac ture r .  
Tfie rotation of the turbine blades of  the Pntter FF'lom-eter, be ing  
18 
f1 
a f u n c t i o n  of  t h e  f l ow  r a t e  p a s s i ng  through the  meter, g e n e r a t e s  an e lectromag-  
n e t i c  f l u x .  The r o t o r  i s  t h e  on ly  moving p a r t  of the meter and t h e  d i f f e r -  
e n t i a l  p r e s s u r e  developed a c r o s s  t h e  t u r b i n e  b l a d e s  compensate5 t h e  down-
s t r e am  t h r u s t  l o ad ,  hence e l im i n a t i n g  t h e  need f o r  t h r u s t  b e a r i n g s  over t h e  
r a t e d  d i s ch a r g e  range of t h e  meter .  A s k e t ch  of t h e  meter  i s  shown i n  F i g .  23.  
The 2-in. f low m e t e r ,  Model 3x2-5942X, has a r a t e d  maximum d i scha rge  
0 . 6 1  c f s  (275 gpm) and a cor responding  m a x imum  frequency 610 Hertz. The 
1/2-in, f low meter, Model 1 x P / 2 - 5 9 4 2 ~ ~has a ra ted nmaxfrnum discharge 0.024 
cfs (12 gpm) and a corresponding maximum f requency 635 Bertz. The change 
of  t h e  e l ec t romagne t i c  f l ux  generated by the r o t a t i n g  turbine i s  sensed 
and conver ted  i n t o  an a l t e r n a t i n g  sine-wave type  vol tage  s i gna l  by a pickup 
coil and t h e  d i g i t a l  ou tpu t  s i g n a l  i s  s e n t  through a P o t t e r  Model SP618 Signa 
. . 
amp l i f i e r ,  which i s  i n t e g r a t e d l y  b u i l t  i n t o  the  P o t t e r  Flowmeter bodys 
. , 
t o  the  I n t e r f a c e  Con t r o l  Console and then t o  the  PDS PO20 computer t o  
p r i n t  o u t .  The P o t t e r  Flowmeters as c a l i b r a t e d  under s teady f l ow  cond i t i ons  
by t h e  manufacturer and s upp l i e d  by EAI  were r a t e d  having an accuracy o f  
+0.5%. . For the 2-in. f l ow  meter  the  frequency of t he  ou tpu t  digital 
signal in Her tz  is equal t o  995Q f o r  wa te r  a t  60°F w i t h  Q i n  c f s  and was 
c a l i b r a t e d  ove r  the range q = 000178  t o  0.482 c f s .  For the  1 /2- in  flow 
m e t e r  t h e  ou tpu t  s i g n a l  i s  equa l  t o  23,700Q c a l i b r a t e d  ove r  the range' 
Q = 0.00134 t o  0.0297 cfs. Tne dura t ion  of each measurement, I.&,emu-
l a t i v e  counting, of the f l ow  meter i s  4 sec as sh~wnin F i g ,  21. 
VII-2. Elbow Meter 
rpe lee, m-&-.-p I . L L L ~e l u uw is an =1easu-remen",dn,vic~bcL i ndepende r~ tan.d a * a x a l ~ a ~ y  
t o  the  P o t t e r  Flowmeters t o  m e a s u r e  t h e  d i scha rge  into the r a i n d r op  pro-
ducers .  The elbow meter  i s  l o c a t e d  a t  t h e  elbow j o i n i ng  t h e  10-f t  l ong ,  
v e r t i c a l  3-in. PVC p i p e  t o  the 20 ft l o n g  h o r i z o n t a l  3-in. PVC p i p e  a s  
d i s cu s s ed  in Sec. V-2-B and shown i n  Fig.  10.  Two l /16- in .  p iezomet r ic  
h o l e s  are d r i l l e d  normally through the sand-pol ished inner and ou t e r  s i d e s ,  
r e s p e c t i v e l y ,  of  the 3-in. Victaulic elbow. Th e  piezorneters a r e  connected 
by 1 /4- in .  tub ings  t o  a s ing l e - r ead ing  double-s l i d e r  two-tube d i f f e r e n t i a l  
manometer of 0 ,001-f t  r e s o l u t i o n  w i t h  the a i d  of a v e r n i e r .  
measure t h e  d ischarge  i n t o  t h e  ra indrop  producers accu ra t e ly  when t h e  f low 
i s  con s t an t ,  i.e .  , when the  r a i n f a l l  on t h e  watershed does no t  change w i t h  
time b u t  t h e  i n t e n s i t y  need n o t  be uniformly d i s t r i b u t e d  over  t h e  area.  
4 	 n u s ,  t h e  elbow meter no t  only provides  a check on t h e  P o t t e r  Flowmeter 
1 
e 
+f 	 measurements b u t  a l s o  makes p o s s i b l e  to c ~ n d u c ts t a t i o n a r y  ra ins torm exper i -  
4 
ments when t h e  Po t t e r  Flowmeter measurements cannot b e  obta ined ,  due most ly t o  
e l e c t r o n i c  t roub les  of t h e  computer o r  I C C .  
V I I - 3  Sonar Depth Measurement Device 
The time r a t e  of runoff  from t h e  l abora to ry  watershed can be  com-
puted based on t h e  con t i nu i t y  r e l a t i o n s h i p  appl ied  t o  the  s t o r a g e  tank: 
i 
31D 	 i n  which I i s  t h e  time r a t e  of i n f low i n t o  and Q t h e  d ischarge  ou t  from t h e  
s t o r age  t ank ,  S i s  t h e  volume of wa te r  i n  t h e  s t o r a g e  tank ,  and t i s  time. 
1 
i 
If Q and dS/dt  a r e  known, t h e  in f low I which is t h e  runoff from the  watershed 
can b e  computed. With t h e  s t o r a g e  tank  depth-volume r e l a t i o n s h i p  c a l i b r a t ed ,  
a t ime measurement of t h e  depth of wa te r  i n  the  t ank  w i l l  g ive  t h e  value of 
1 dS/dt .  The va lue  of Q is  e i t h e r  equa l  t o  the  d i scha rge  measured by t h e  f low 1 
1 meter o r  t h e  elbow meter when water  i s  d i r e c t l y  pumped out  from t h e  tank o r  
equa l  t o  t h e  cons tant  d ischarge  of t h e  f l o a t i n g  s iphon which w i l l  be d i scussed  
f u r t h e r  i n  t h e  following Sect ion .  
Two i d e n t i c a l  s on i c  t ransducers  loca ted  a t  2 f t  from e i t h e r  s i d e  
of t h e  c e n t e r l i n e  of the  s t o r a g e  t ank  a r e  used t o  measure t h e  depth of wa t e r  
i n  t h e  s t o r a g e  tank. The sens ing  element opera tes  on a sonar  p r i n c i p l e ,  
C 
t r an smi t t i ng  high frequency waves from t h e  bottom of t h e  s t o r a g e  tank t o  the  
F i g .  24. Sonar  d e p t h  sensors  
wate r  s u r f a c e  where t h e y  are r e f l e c t e d  back t o  t h e  wave s o u r c e ,  This  t i m e  
i n t e r v a l  i s  measured by e l e c t r o n i c  c i r c u i t s  t o  g e n e r a t e  a  v a r i a b l e  d u r a t i o n  
~ u l s ewhich i s  t r a n s m i t t e d  t o  t h e  d i g i t i z i n g  c i r c u i t  l o c a t e d  i n  t h e  ICC. 
m o  s o n a r s  a r e  used i n  o r d e r  t o  g i v e  b e t t e r  average  dep th  measurement. The 
s o n i c  t r a n s d u c e r s  a r e  2-in,  d i ame te r  d i s c  Gulton I n d u s t r i e s  Lead Z i r c o n a t e  
T i t a n a t e  G lenn i t e  P iezoceramic  N o ,  BST-41, 0 .097 i n .  t h i c k  o r  No, HDT-31, 
60.080 	 i n e  t h i c k ,  f requency  10 Her tz .  
Each of t h e  s o n i c  t r a n s d u c e r s  i s  mounted v e r t i c a l l y  on a machined 
p i t  hous ing  of 2-in.  d iameter  i n  a s t a i n l e s s  s teel  b lock  of 2-7/8 i n .  h i g h ,  
/ 2  i n .  wide,  and 518 i n .  deep s o  t h a t  t h e  o u t e r  s u r f a c e  of  t h e  t r ans -  
d.ucer i s  approximately f l u s h i n g  w i t h  t h e  s u r f a c e  of t h e  s t a i n l e s s  s t e e l  
b lock .  The t r a n s d u c e r  i s  g lued  i n t o  t h e  housing p i t  by Emerson and Cuming 
epoxy adhes ive  Eccobond 51. Two 3/16-in female t h r e a d s  on t h e  bottom of 
t h e  s t a i n l e s s  s t e e l  b lock  p rov ide  a  means t o  b o l t  t h e  b lock  t o  a sona r  b a s e .  
-6 
The sona r  ba se  p l a t e  i s  an aluminum p l a t e  112 in. t h i c k  and 7 i n .  
squa re .  A 3-in. I . D , ,  3-l /2-in.  O , D .  p l e x i g l a s s  t ube  53 i n .  l ong  i s  b o l t e d  
c e n t r a l l y  and p e r p e n d i c u l a r l y  t o  t h e  b a s e  as shown i n  Fig.  24. An e l i p t i c a l  
aluminum r e f l e c t i o n  p l a t e  c u t  t o  fit t o  t h e  i n s i d e  o f  t h e  t u b e  i s  fastened 
t o  t h e  l ower  end of t h e  t ube  a t  an a n g l e  45" i n c l i n e d  t o  t h e  h o r i z o n t a l ,  A 
l a r g e  h o l e  i s  c u t  on t h e  p l e x i g l a s s  t ube  a t  t he  p o s i t i o n  where t h e  r e f l e c t i o n  
p l a t e  i s  f a c i n g  t h e  v e r t i c a l  2-in. s o n i c  t r ansduce r  s o  t h a t  t h e r e  i s  no 
o b s t a c l e  i n  between. The purpose o f  u s ing  t he  p l e x i g l a s s  t u b e  i s  t o  mini- 
I
1 	 mize t h e  e f f e c t  of  s u r f a c e  wave d i s t u r b a n c e  on measurement accuracy.  In 
a d d i t i o n  t o  t h e  h o l e  between t h e  t r a n s d u c e r  and the r e f l e c t o r ,  a d d i t i o n a l  
h o l e s  are c u t  on t h e  t ube  w a l l  t o  p rov ide  easy  f l ow  passage  between t h e  
t ank  and t h e  tube  w i t h  minimum d i s t u r b a n c e s  t o  e q u a l i z e  t h e  w a t e r  l e v e l s  
i n s i d e  t h e  t ube  and i n  t h e  t ank ,  
ins tead  of the 3-in. plexiglass tubes. The s tee l  tubes  w e r e  r e p l a c r u  w l i r i l  
i t  was found that they produced corros ion  and depo s i t i on  problems although 
the measurement accuracy was not affected,  
Four holes 6 in. apart, i.e., 1/2 in. from t h e  edges of th? 7 - i n ,  
square sona r  base p l a t e ,  are drilled throughout the thickness of the p l a t s .  
The sona r  depth sensor u n i t  is fastened s t a b l y  to the bottom of the  s t o r a g e  
It should  be no ted  t h a t  no a i r  bubbles  o r  d epo s i t i on  of f o r e i g n  
m a t e r i a l s  shou ld  be  formed on e i t h e r  the  t r a n sduce r  o r  t h e  r e f l e c t o r .  Should 
t h i s  be found i t  should  be  c l e a ~ e d  b e f o r e  performing t h e  experiments ,  
S ince  t h e  depth of water i n  t h e  s t o r a g e  t a nk  i s  computed based  on 
the ave rage  of t h e  i n t e r v a l s  o f  t ime d e l ay  of  t h e  two sona r s  mu l t i p l i e d  by 
a c o n s t a n t ,  t h e  Doppler e f f e c t  due t o  r i s i n g  o r  f a l l i n g  o f  t h e  wate r  s u r f a c e  
i n  t h e  t a nk  should  b e  i n v e s t i g a t e d ,  The t ime i n t e r v a l  between t h e  two s o n a r  
3 
measurements i s  approximately 0.04 s e c ,  The speed  of  change of  water s u r f a c e  
i n  t h e  t a n k  f o r  t h e  wor s t  p o s s i b l e  b u t  improbable c a s e  of u s ing  only t h e  
n t r a l  compartment tarrk hav ing  5/19 c f s  i n f l ow  wi thou t  ou t f low o r  5/19 c f s  
ou t f low w i t hou t  i n f l ow  i s  0.011 f p s ,  The cor responding  amount o f  change of 
dep th  i n  0 ,04  s e e  i s  0.0053 in, which is  10.6% of  t h e  b u i l t - i n  sonar  accu racy  
of 1 /20  i n .  and hence can be  n eg l e c t e d .  
V I I - 4 ,  Constant-Discharge Float ing-Siphon Stage-Recording System 
The Constant-Discharge Float ing-Siphon Stage-Recording System (CDFS) 
d e l i v e r s  a  predetermined con s t an t  discharge of water from t h e  8-ft wide 19-in. 
l ong  50-in. deep c e n t r a l  compartment of t h e  s t o r a g e  tank  i n t o  t h e  s i d e  com-
par tments  and s i rnu l taneaus ly  measuring t h e  water l e v e l  i n  t h e  c e n t r a l  compart-
ment by r e co r d i ng  i t  on a s t a g e  r e c o r d e r  (Yen, Shen and Chow, 1 9 7 2 ) .  A 
t
I schema t i c  drawing of t h e  o p e r a t i o n a l  p r i n c i p l e  i s  shown i n  F ig .  25. Incor -po r a t e d  w i t h  t h e  use  of CDFS, the s t o r a g e  tank  i s ,  by  i n s t a l  l i n g  two re-
movable 3 / 8-in. t h i c k  aluminum p a r t i  t i o n  w a l l s ,  d i v i d ed  into t h r e e  independent  
i compartments; namely, t h e  8-ft wide c e n t r a l  t ank  compartment and t h e  1 6 - f t  
wide compartments a t  e i t h e r  s i d e .  By c l o s i n g  t h e  two 2-in. o u t l e t s  a t  the 
bot tom o f  t h e  t ank  and t h e  bypass  r e t u r n  o u t l e t  i n t o  c e n t r a l  cornpartme 
t h e  on l y  ou t f l ow  from t h e  c e n t r a l  compartment i s  the con s t an t  d i scharge  
CDFS i n t o  t h e  two s i d e  compartments. The wa te r  is  t h en  pumped from t 
compartments through t h e  r e c i r c u l a t i o n  p i p e l i n e s  i n t o  t h e  r a ind rop  
F ig .  25 .  Scheme of constant discharge 
f l o a t i n g  s iphon system (CDFS) 
The use  of CDFS p rov ides  t h e  fo l l owing  expe r imen ta l  advantages:  
(a) The computation of t h e  runof f  from t h e  l a b o r a t o r y  b a s i n  i s  
independent  of t h e  pumping r a t e  i n  t h e  r e c i r c u l a t i o n  p i p e l i n e .  The runo f f  
is  computed by u s ing  t h e  c o n t i n u i t y  r e l a t i o n s h i p ,  Eq .  30. I f  wa t e r  i s  
~umped  o u t  d i r e c t l y  from t h e  c e n t r a l  compartment o r  no p a r t i t i o n s  a r e  
i n s t a l l e d  ( a s  f o r  t h e  e a r l y  exper iments  of t h e  r e s e a r ch  program), t h e  v a l u e  
of Q i n  Eq .  30 is  a f unc t i on  of t h e  f low r a t e  i n  t h e  r e c i r c u l a t i o n  p i p e l i n e  
which o f t e n  i s  a  v a r i a b l e ,  p a r t i c u l a r l y  f o r  r a i n s t o m s  w i t h  temporal  v a r i a -  
t i o n s  such  a s  moving r a in s to rms .  This  v a r i a b l e  Q i n  an experiment  n o t  on l y  
makes t h e  computat ion f o r  t h e  runof f  I cumbersome b u t  a l s o  makes t h e  accu-
racy  of  computed I depending on t h e  accuracy  of t h e  f low meter  and elbow 
meter  measurements i n  a d d i t i o n  t o  t h e  depth measurements i n  t h e  s t o r a g e  
tank .  With CDFS i n  ope r a t i on  Q i s  a c on s t an t ;  hence  the computation f o r  
r uno f f  i s  s imp l i f i e d ,  independent  of t h e  r e l i a b i l i t y  o f - t h e  f low meter and 
elbow me t e r  measurements,  and consequent ly  more a c c u r a t e .  
(b) By i s o l a t i n g  t h e  water i n  the c e n t r a l  compartment f rom the 
r e c i r c u l a t i o n  p i p e l i n e ,  its water surface i s  no t  a f f e c t e d  by the s u r g e  o f  
the pump and waterhammer i n  t h e  p i p e l i n e  and hence  t h e  accuracy  of t h e  dep th  
measurement i s  cons iderab ly  improved. 
( c )  With a  p r ope r l y  determined con s t an t  d i s ch a r g e  of  CDFS, t h e  
dep th  measurement accuracy can b e  cons ide rab ly  improved s i n c e  f o r  a g iven  
volume t h e  dep th  v a r i a t i o n  i s  l a r g e r  f o r  t h e  c e n t r a l  compartment than f o r  
t h e  e n t i r e  s t o r a g e  tank .  Th i s  is p a r t i c u l a r l y  t r u e  f o r  h igh  i n t e n s i t y  
r a i n f a l l  cover ing  a l a r g e  a r e a  of t h e  b a s i n .  
(d )  With t h e  s t a g e  of CDFS recorded  con t inuous ly  on a s t a g e  
r e c o r d e r ,  an independent  dep th  measurement complimentary t o  t h e  sonar  
measurement can be recorded .  S ince  t h i s  i s  2 mechanica l  d ev i c e  measure- 
ment, i t  enab l e s  performing experiments  even i f  t h e  sona r  e l e c t r o n i c  sy s t em 
i s  o u t  o f  o r d e r .  I n  a d d i t i o n ,  t h e  CDFS dep th  measurement i s  a cont inuous 
r e c o r d  a s  compared t o  t h e  5-sec i n t e r v a l  r eco rd  prov ided  by t h e  s o n a r s ,  and 
hence i t  provides  v a l u a b l e  i n fo rma t ion  r e l a t i n g  t o  t h e  t ime and magnitude 
of peak runof f  and o t h e r  impor t an t  runof f  c h a r a c t e r i s t i c s .  Furthermore,  
by c a r e f u l  de s ign  and c o n s t r u c t i o n  and us ing  l i g h t  weigh t  low f r i c t i o n  
m a t e r i a l s ,  t h e  depth measurement accuracy  can b e  made b e t t e r  than  t h e  b u i l t -  
i n  accu racy  of  1 /20  i n .  f o r  t h e  s o n a r s  used. 
I n  t h e  des ign  and o p e r a t i o n  of CDFS, t h e  fo l l owing  requi rements  
a r e  cons idered :  
1, The system must b e  s u f f i c i e n t l y  a c c u r a t e  and s e n s i t i v e  i n  
bo th  d i s cha rge  c o n t r o l  and s t a g e  measurement. 
2 .  	 Tlie sys tem must b e  s t a b l e  t o  w i t h s t a n d  s m a l l  d i s t u rbances  
such a s  s u r f a c e  waves. 
3. 	 The system must b e  r e l a t i v e l y  s imp le  and easy  t o  o p e r a t e .  
4. 	 The sys tem must b e  i nexpens ive  and a p p l i c a b l e  ove r  a  wide 
range of o p e r a t i o n  c o n d i t i o n s .  
5. 	 The system must b e  f i t t e d  i n t o  t h e  e x i s t i n g  s t o r a g e  tank  
w i thou t  i n t e r f e r r i n g  w i t h  t h e  s o n a r s  and o t h e r  equipment. 
The a v a i l a b l e  h e i g h t  t h e  c e n t r a l  t ank  shou ld  b e  o p t i -  
mal ly  used and t h e  w a t e r  s u r f a c e  t h e  two s f d e  compart-
ments should  b e  k e p t  s u f f i c i e n t l y  low s o  t h a t  t h e  s iphons 
of t h e  CDFS can d i s c h a r g e  wa te r  f r e e l y  i n t o  t h e  atmosphere- 
7 ,  	 Although dur ing  each experiment  t h e  d i s cha rge  of CDFS i s  
k e p t  c o n s t a n t ,  a  number of d i f f e r e n t  d i s cha rges  should be  
provided f o r  d i f f e r e n t  exper iments .  
The theory  on t h e  accuracy  and s e n s i t i v i t y  of CDFS f o r  cons t an t  
d i s c h a r g e  c o n t r o l  and s t a g e  measurement has  been p re sen t ed  b y  Yen, Shen and 
Chow (1972).  They concluded t h a t  i n  o r d e r  t o  o b t a i n  h igh  accuracy  and 
s e n s i t i v i t y  £.or CDFS, t h e  w a t e r l i n e  c r o s s - s e c t i on a l  area shou ld  be maximized 
wh i l e  t h e  mass of t h e  system and t h e  f r i c t i o n  of  t he  motion guidance s hou l d  
b e  minimized,  In accordance w i t h  t h e  t heo ry  and the aforement ioned d e s i gn  
and o p e r a t i o n a l  requ i rements ,  w i t h  p a r t i c u l a r  c on s i d e r a t i on s  on t h e  accuracy  
d a v a i l a b l e  space  i n  the c e n t r a l  compartment of  t h e  s t o r a g e  t ank ,  the  
CDFS was des igned  and b u i l t ,  c o n s i s t i n g  of one c e n t e r  f l o a t  and two i d e n t i c a l  
s i d e  f l o a t s  connected a s  a u n i t  a s  shown i n  F ig .  26.  For t h e  sake  of dynamic 
ba l ance  t h e  system i s  symmetr ica l  w i t h  r e s p e c t  t o  t h e  c e n t e r  f l o a t ,  The 
m a t e r i a l  used  i s  p l e x i g l a s s  and a l l  t h e  j o i n t s  and connec t ions  are g lued  
e t h e r  by cement a c r y l i c  un l e s s  o the rwi se  no t ed .  
The f l o a t s  are hol low r e c t a ngu l a r  boxes made o f  1 /4 - in .  t h i c k  
p l e x i g l a s s  p l a t e s  except  t h e  t ops  which a r e  1 /8- in .  p l e x i g l a s s  p l a t e s  i n  
o r d e r  t o  reduce the mass of CDFS, S t r u c t u r a l  r e i n f o r c i n g  p l e x i g l a s s  b a r s  
are g lued  i n s i d e  t h e  boxes t o  p rov ide  t h e  neces sa ry  s t r eng th  f o r  n e g l i g i b l e  
deformat ion  o f  t he  system,  The c e n t e r  f l o a t ,  30-in,  by 12- in . ,  6- in . -high,  
i s  used  t o  i n c r e a s e  t h e  w a t e r l i n e  c r o s s - s e c t i on a l  a r e a  i n  o rde r  t o  improve 
t h e  accu racy  and s e n s i t i v i t y .  
Each of t h e  19-in ,  by 92-in . ,  6-in. h i gh  s i d e  f l o a t s  are con-
nec t ed  t o  t h e  c en t e r  f l o a t  by f o u r  18- in .  long 1 /2 - i n .  by 3/4-in. p l e x i g l a s s  
ba r s ,  one a long  each of  t h e  f o u r  long edges of  t h e  f l o a t s .  The clear s p a c e  
between the c e n t e r  f l o a t  and e i t h e r  of t h e  s i d e  f l o a t s  i s  BO i n .  which i s  
more than t h e  space  r e qu i r ed  f o r  the s ona r  t ubes  i n  t h e  c e n t r a l  compartment* 
The s iphons  c o n s i s t  o f  two 1 - ino  and two 1 ,5 - ine  i n v e r t e d  p l e x i -  
g l a s s  U t u b e s  glued t o g e t h e r  i n  p a r a l l e l  and embedded i n t o  each of the  two 
s i d e  f l o a t s .  Each s iphon  tube  can be opera ted  independently, However, 
t o  ma i n t a i n  dynamic ba l ance ,  the  corresponding s iphon  tubes i n  each of  the 
fa a 
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s iphons  i n  each f l o a t  must b e  ope ra t ed  s imu l t aneous ly .  Thus,  by v a r i ou s  
combinat ions  of t h e  p a i r s ,  t h e  s iphon  system p rov ides  7 p o s s i b l e  d i s cha rges .  
S ince  t h e  d i f f e r e n c e  of  d i s cha rges  i n  t h e  two 1- in .  s iphons  i n  each f l o a t  
i s  s m a l l ,  e f f e c t i v e l y  t h e  s i phon  system provides  5 d i s ch a r g e s ;  namely, one 
of t h e  1- in .  tubes  i n  each of t h e  f l o a t s  i n  ope r a t i on ;  bo t h  1- in .  tubes  iil 
each f l o a t  i n  ope r a t i on ,  bo th  1 .5- in .  tubes  i n  each  f l o a t  i n  ope r a t i on ,  one 
of t h e  1 - in .  tubes  t og e t h e r  w i t h  two 1.5- in .  t ubes  i n  each f l o a t  i n  opera-  
t i o n ,  and a l l  t h e  s iphons  i n  ope ra t i on .  Add i t i on a l  s iphon  heads ,  and 
consequent ly  o t h e r  d i s ch a r g e s ,  can be  ob t a ined  by t e l e s cop i ng  a d d i t i o n a l  
l e n g t h s  of a pp rop r i a t e - s i z e  p l e x i g l a s s  tubes  t o  t h e  ends of  t h e  s iphons .  
The en t r a n c e  of t h e  s iphons  a r e  f l u s h ed  w i t h  t h e  bottom s u r f a c e  
of t h e  bot tom p l a t e s  of t h e  s i d e  f l o a t s .  The e n t r a n c e  edges a r e  rounded 
and smoothed t o  reduce e n t r a n c e  l o s s e s .  A t  t h e  90" sha rp  bend of each of  
t h e  s i phon  U tubes  a  vane i s  provided  c e n t r a l l y  t o  reduce the bend l o s s .  
A t  t h e  h i g h e s t  p o i n t  of each s iphon ,  a 1/4- in .  v i n y l  t ub ing  i s  provided 
f o r  b l e ed i ng  and pr iming.  
Three p a i r s  of e a r s  g lued  t o  t h e  f l o a t s  a r e  used t o  guide t h e  
motion of  CDFS, one p a i r  each t o  t h e  long  edges of  t h e  two s i d e  f l o a t s  
and t h e  t h i r d  p a i r  t o  t h e  c e n t e r  f l o a t  a t  t h e  oppo s i t e  l ong  edges.  One 
e a r  of each p a i r  i s  g lued  t o  t h e  top  edge of t h e  f l o a t  w h i l e  t h e  o t h e r  
t o  t h e  bo t tom edge. Each 1 /4- in .  t h i c k  e a r  h a s  a 1-3/8 i n .  h o l e  i n t o  
which a 1-3/8 O .D . ,  1-1/8 I . D .  ( 1 / 4  Ln. t h i c k )  Tef lon  r i n g  i s  t i g h t l y  
f i t t e d .  Three 1- in .  d iameter  g l a s s  rods  57 i n .  long  each a r e  f a s t e n ed  
r i g i d l y  and v e r t i c a l l y  by independent  steel-wooden frame s y s  t e m s  over t h e  
e n t i r e  dep th  of  t h e  s t o r a g e  t a nk .  The Tef lon  r i n g s  a r e  r i d i n g .  along the 
glass rods  gu id ing  t h e  motion of  CDFS t o  minimize sways, v i b r a t i o n s  and 
f r i c t i o n .  The corners  of t h e  Tef lon  r i ng s  a r e  rounded and smoothed t o  
reduce t h e  p o s s i b i l i t y  o f  b ind ing .  During ope r a t i on ,  a t i e  w i r e  i s  connected 
between t h e  h igh  p o i n t  of t h e  m o  s iphon  u n i t s  t o  f u r t h e r  minimize t h e  induced  
b r a t i o n  and def lec t ion of  the s i phon s ,  
A h i gh  tensile s t reng th  surveyor" s tee l  a l l o y  t a p e  i s b o l t e d  t o  
t he  c e n t e r  o f  t h e  top  p l a t e  of the c en t e r  float. The other end of the t a p e  
i s  a t t a c h e d  t o  a 0.81-lb counterweight  and the tape is  mounted on t h e  pul ley  
of a 20-in. Leupold Stevens stage r e co r d e r  t o  record  t he  water surface eleva-
t i o n  i n  t h e  t ank .  The t a p e  i s  used  i n s t e a d  of  w i r e  o r  c a b l e  because the 
former  p rov ides  more resis t ance  t o  twist i n g ,  
The CDFS was c a l i b r a t e d  under uniform as w e l l  as a c c e l e r a t e d  notllon 
w i t h  d i f f e r e n t  combinations of p a i r s  of the s iphon  tubes  i n  ope ra t i on .  me 
r e s u l t s  o f  s i phon  d i s cha rge  c a l i b r a t i o n  are show11 i n  Table 1. Typical 
c a l i b r a t i o n  curves  showing t h e  response  of the  CDFS t o  change of  wate r  
s u r f a c e  i n  t h e  c e n t r a l  compartment o f  the s t o r a g e  t ank  are shown i n  F i g .  27.  
The s iphon  d i s cha rge ,  Q ,  of CDFS can b e  expressed  as 
i n  which H i s  t h e  s iphon  head ;  A i s  the c r o s s - s e c t i on a l  area of t h e  siphon
s 
tubes  i n  ope r a t i on ,  and C i s  t h e  d i s cha rge  c o e f f i c i e n t .  The c a l i b r a t e dd 
d i s ch a r g e  c o e f f i c i e n t  a s  a f u n c t i o n  of s iphon  head f o r  t h e  v a r i ou s  s iphon  
combinat ions  i s  shorn  i n  F ig .  22. D e t a i l s  o f  the c a l i b r a t i o n  and error 
a n a l y s i s  have  been r e po r t e d  e l sewhere  (Yen, Shen and Chow, 1972 ) .  The 
accuracy  of  CDFS f o r  s t a g e  (water  dep th)  measurement i s  b e t t e r  than 0.027 
i n .  and t h e  v a r i a t i o n  of d i s cha rge  f o r  an experiment  i s  less than  +O.11%. 
This  h i gh  accuracy i n  d i s ch a r g e  c o n t r o l  i s  expec t ed  s i n c e  the t h e o r e t i c a l  
e r r o r  i s  Az/2H (Yen, Shen and Chow, 1972 )  where Az i s  t h e  d e v i a t i o n  o f  
a c t u a l  head  from t h e  t h e o r e t i c a l  dynamic-equilibrium head,  
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VIII . OPERATION PROCEDURES 
As t h e  WES c o n s i s t s  of many components, due t o  i t s  complexity,  
d e f i n ed  ope ra t i on  and maintenancf procedures  are d e s i r a b l e  f o r  
s u c c e s s f u l  op e r a t i on  and f o r  avo id ing  unnecessary damages t o  the systern. 
- -~ U L- U ~ L L C L  vi - - 4  c.7 9 L L l e a L-  n'nnnr7r1rac are d iv ided  four?a r t swLLLC - Z I ~ L A L ~+-h y,,,,,,,,, 
The f irst  p a r t  i s  t h e  neces sa ry  procedure  t o  i n i t i a t e  an experiment .  The 
second p a r t  i s  the  d e t a i l  p rocedu re  t o  run programs i n  t h e  PDS 1020 com-
p u t e r  t" gene r a t e  rainstorms. The t h i r d  p a r t  i s  the procedure  when an 
experiment  i s  completed t o  shut o f f  t h e  WES. The l as t  p a r t  is  t h e  neces sa ry  
regular maintenance i n  o r d e r  t o  keep WES f unc t i on i ng  p r ope r l y .  In add i t ion ,  
t h e  p rocedu re  of  us ing  t h e  PDS 1020 computer f o r  expe r imen ta l  d a t a  p r o c e s s i ng  
and t h e  cho i ce s  of compartments of t h e  s t o r a g e  tank  f o r  d i f f e r e n t  exper iments  
a r e  a l s o  i nc luded .  
P r i o r  t o  performing an experiment ,  a r a i n s t o rm-p ro f i l e  punched-
pape r  t a p e  shou ld  b e  prepared  by u s ing  t h e  PDS 1020 computer. I n  some c a s e s  
of s imp l e  s t a t i o n a r y  r a in s to rms  t h e  r a in s to rm p r o f i l e s  can be  loaded manual ly  
through t h e  computer keyboard o r  commanded d i r e c t l y  through the manual opera-  
t i o n  on I CC .  The procedure of p r ep a r i ng  RlZINSTORlvi PROFILE tapes by u s ing  
t he  PUNCH-RAINSTORM (OFF-LINE) program i s  g iven  i n  Appendix 3. 
V H I I - I .  Opera t ion  Procedure t o  P e r f om  an Experiment 
The ope r a t i on  procedure  t o  i n i t i a t e  an experiment  i s  descr ibed 
i n  sequence  as fo l l ows :  
1. 	Turn on t h e  f ou r  mas t e r  e l e c t r i c  c u r r e n t  sw i t c h e s  (Square D circuit 
b r e a k e r s ,  with t h e i r  identities marked) on the w a l l .  
a .  Turn on t h e  250 V AC a i r  compressor mas t e r  sw i t ch  which will 
a c t i v a t e  t h e  a i r  compressor.  
....~a i+v e r s i t y>&&z Reference 20s Iof Illinsis 
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b .  	 Turn on the 100 amp, three-phase, 240 V AC pump motor power switch 
c. 	 Turn on the  30 amp, single-phase,  120 V AC bleed-valve and pneu-

matic con t ro l l e r  power switch.  

d. 	 Turn on the  30 amp, three-phase, 240 V AC I C C  power l i n e  c i r c u i t  
breaker.  (Note t h a t  I C C  i s  ac tua l ly  operated on 115 V power). 
Turn on the  I C C  by the  following s t eps :  
a.  	 Set  the  mode s e l e c t o r  a t  the  r i g h t  s i d e  of the  Scanner control  
panel  t o  pos i t ion .  
b.  	 Set  the  I C C  power switch a t  the  middle of t h e  con t ro l  panel of 
I C C  t o  ON.  
c. 	 Press  CLEAR and SET (or  FIRST) buttons on t h e  f r o n t  con t ro l  panel  
s o  t h a t  no unintended valve operat ions w i l l  occur when the  28 V 
DC power i s  turned on, 
d. 	 Open t h e  back door of the  console f o r  v e n t i l a t i o n .  Be su re  the  
fan  i s  working. 
e .  	 Turn on the  main 2 8  V DC power switch loca ted  a t  t h e  l e f t  s ide  o f  
t h e  f r o n t  panel of t h e  Power Supply Unit 10.189. 
f .  	 Turn on the power switches of each of t h e  four  a u x i l i a r y  28 V DC 
power supply u n i t s  i n  I C C .  
Prepare the  new 28 V DC power supply u n i t .  This u n i t  has a feedback 
c i r c u i t  t o  maintain the  working vol tage  of cur ren t  to t h e  solenoid 
valves a t  28 V DC. 
a.  	 Turn on the 30 amp, three-phase, 240  V AC Square D c i r c u i t  
breaker  f o r  the  new power supply u n i t .  
b .  	 Turn on the main AC power switch of  t h e  u n i t .  The switch i s  
h id ing behind a p ro tec t ion  ba r  a t  the  m i d d l e  of the lower par t  
of the f r o n t  panel  of the u n i t .  
c .  	 Turn on t h e  c o n t r o l  sw i t ch  which i s  l o c a t e d  a t  t h e  upper p a r t  o f  
t h e  f r o n t  panel  between t h e  vo l t -mete r  and the amie ter .  

d ,  Push t h e  b i a c k  coPor OW b u t t o n  of DC c u r r e n t .  

4 .  	 Push t h e  PDS 1020 computer POWER button. t o  turn on power supply t t o  t h e  
computer,  The computer as well a s  o t h e r  e l e c t r i c  equipment r e q u i r e s  
a s h o r t  warm up p e r i o d  and t h i s  i s  prov ided  by swi tching  t h e  power 
s u p p l y  on a t  an a p p r o p r i a t e  early t ime,  
5. 	 Check t h e  p r e s s u r e  of a i r  compressor by r e a d i n g  from the a t t a ched  
p r e s s u r e  gage (no t  t h e  Honeywell Regula tor  gage) u n t i l  i t  reaches  
20 p s i .  
6 .  	 S e t  t h e  High-Low f low l i n e  c o n t r o l  sw i t ch  i n  the f low c o n t r o l  sys tem t o  
t h e  a p p r o p r i a t e  p o s i t i o n  as r e q u i r e d  by t h e  expersfmerat. In  most c a s e s ,  
i t  w i l l  b e  a t  t he  High f l o w  range.  Tne swi t ch  i s  l o c a t e d  a t  the  right 
s i d e  of  t h e  bleed-valve sw i t ch  me ta l  box mounted on &he w a l l ,  
7 .  	 Check t h e  proper  o p e r a t i o n  of  t h e  a p p r o p r i a t e  automatic.  flow c o n t r o l  
valve (2-1/21 in, for  high f low and l / 2 - i n .  f o r  low flow). This i s  
done by t u r n i n g  c lockwise  t h e  valve opening c o n t r o l  knob a t  the Power 
r i g h t  s i d e  of  t h e  f r o n t  of the I n d i c a t i n g  Pressure  Cont ro l  Uni t ,  ob-
s e r v i n g  t h e  p r e s s u r e  i n d i c a t e d  on the 3- l /2  i n ,  c i r cu l a r  d i a l  of the  
Uni t  t o  reach  8-12 p s i ,  t hen  observing t h a t  t h e  au tomat ic  flow con t ro l  
valve should  be  open, Af te lwards  the knob is tu rned  a91 t h e  way back  
i n  c o u n t e r  c%ockwise d i r e c t i o n  so t h a t  the d i a l  pressure drops t o  
z e r o  and t h e  au tomat ic  c o n t r o l  valve i s  a t  c lo sed  p o s i t i o n ,  The 
e n t i r e  o p e r a t i o n  of S tep  7 shou ld  b e  less t han  E nfn. 
8. 	 Turn on t h e  master  s w i t c h  f o r  t h e  f i v e  bleed v a l v e s .  The switch i s  
l o c a t e d  s l i g h t l y  above t h e  High-Low f l o w  l i n e  select ion switch a~ 
t h e  r i g h t  s i d e  of t h e  b leed-va lve  swi tch  box. Each of  t h e  five b l e e d  
valves i n  t h e  d i s t r i b u t i o n  p i p e  network i s  then  checked by turn ing  
t h e i r  i n d i v i d u a l  s w i t c h e s  l o c a t e d  a t  t h e  f r o n t  o f  t h e  box  OFF and ON 
and e i t h e r  by l i s t e n i n g  t o  t h e  c l i c k i n g  sound o r  by o b s e r v a t i o n .  Leave 
t h e  b l e e d  v a l v e s  open,  i . e , ,  ON. 
Turn on t h e  bypass  l i n e  s o l e n o i d  v a l v e  c o n t r o l  s w i t c h  which i s  l o c a t e d  
below t h e  High-Low f l o w  l i n e  s e l e c t i o n  s w i t c h  a t  t h e  r i g h t  s i d e  of t he  
b  l e e d - v a l v e  s w i t c h  b  ox. 
The o p e r a t o r  i s  now r e a d y  t o  s t a r t  the pump. Never s t a r t  t h e  pump 
when e i t h e r  one o r  b o t h  o f  t h e  a u t o m a t i c  f l o w  c o n t r o l  v a l v e s  a r e  open 
t o  a v o i d  waterhammer damages. So check again t o  be s u r e  the  v a l v e s  
a r e  c l o s e d ,  
S t a r t  t h e  pump by push ing  f o r w a r d  t h e  s t a r t e r  b a r  a t  t h e  r i g h t  s i d e  
of t h e  m o t o r - s t a r t e r  r e l a y  s w i t c h  box ,  which i s  l o c a t e d  on the  wall 
between t h e  3-phase pump motor  power c i r c u i t  b r e a k e r  and t h e  I C C  
power c i r c u i t  b r e a k e r  d e s c r i b e d  i n  S t e p  1, t o  START p o s i t i o n .  L e t  i t  
r u n  f o r  a few (approx imate ly  5) s e e  till t h e  pump g a i n s  i t s  maximum 
s p e e d .  Then p u l l  ilie b a r  b a i k v s r d  to RLTJ p ~ s i t i o nzzd lclnre it there;  
S e t  t h e  pneumat ic  c o n t r o l  t o  a c o n s t a n t  p r e s s u r e  o f  1 2  p s i  ( o r  any 
d e s i r e d  p r e s s u r e  under  15 p s i ) .  T h i s  i s  done by g r a d u a l l y  t u r n i n g  
c l o c k w i s e  t h e  v a l v e  knob a t  t h e  lower  r i g h t  s i d e  o f  t h e  I n d i c a t i n g  
C o n t r o l  U n i t  u n t i l  t h e  p r e s s u r e  i n d i c a t e d  by t h e  3-1/2 i n .  d i a l  
, 
r e a c h e s  12 p s i  and s t e a d y . The r e d  p o i n t e r  shows t h e  se t  p r e s s u r e  
w h i l e  t h e  b l a c k  d i a l  hand shows t h e  measured p r e s s u r e  a t  t h e  s e n s o r  
of t h e  p i p e l i n e .  While s e t t i n g  t h e  o p e r a t i o n  p r e s s u r e  t h e  o p e r a t o r  
s h o u l d  t r y  t o  minimize  t h e  d i f f e r e n c e  between t h e  d i a l  hand and t h e  
r e d  a r row p o i n t e r  t o  a v o i d  waterhammer p rob lems .  
Prepare I C C  f o r  p r i m i n g  as f o l l o w s :  
a .  	 S e t  t h e  FLOWMETER s w i t c h  i n  t h e  m i d d l e  o f  t h e  f r o n t  c o n t r o l  panel  
t o  H I G H  o r  LOW a s  a p p r o p r i a t e .  
b. 	Opera te  t h e  c o n t r o l s  of the Scanner l o c a t e d  on the top  p a r t  of  
t h e  f r o n t  c o n t r o l  p a n e l  as fo l lows:  S e t  FIRST POSITION a t  00 and 
LAST POSITION a t  99. Then set  scan mode selector at the left s i d e  
t o  S C A B  ( o r  CONT) , 
c. 	 Push CLEAR and FIRST b u t t o n s  on the  front pane l .  T h i s  is simply a 
r e p e a t i n g  p r e c a u t i o n  s t e p  as i n  s t e p  2c mentioned above. 
d ,  	 Push on a l l  f o u r  r e d  FLOW b u t t o n s ,  fol lowed by p r e s s i n g  t h e  SET 
b u t t o n  once. Each of t h e  FLOW but tons  i s  i l luminated  as it is on. 
This  w i l l  command a l l  fou r  so l eno id  v a l v e s  of Module no, (30 to 
e .  	 Set t h e  MODE s e l e c t o r  a t  the r i g h t  s i d e  of t h e  Scanner swi tch  
panel  t o  I N T .  Now, a l l  the  s o l e n o i d  valves o f the  EDVA,should be 
t u rned  on (opened) i n  sequence one by one s t a r t i n g  from Module noa 
0 1  till  Module no. 99.  Inmedia te ly  a f t e r  t h i s ,  sw i t ch  the  MODE 
s e l e c t o r  t o  MAN t o  avoid  unnecessary scanning .  Observe t h a t  all 
?he rainfall modules now- should  be  raining. I f  malfunction i s  
detected i t  should  b e  c o r r e c t e d ,  
f .  	 Check the amount of wa t e r  i n  the storage tank. Too low a level  
i n  t h e  s i d e  compartments of the t ank  would cause air t o  b e  sucked 
i n t o  the pump. Too h igh  a level would reduce the range of opera-
t i o n  of CDFS ( s e e  Sec. V H I Z - 5 ) .  
g .  	 Check i f  a i r  bubbles  a r e  presented o r  t r apped  a long  t h e  r e c i r e u l a -  
t i n g  f low s y s  t e n ,  p a r t i c u l a r l y  between EDVA'S and r a i n d r o p  boxes. 
I f  s o ,  c l e a r  t h e  a i r  o u t .  I f  l eakage  is  detected i t  should be 
r e p a i r e d  b e f o r e  proceeding  f u r t i ~ e r. 
h .  	 Turn o f f  t h e  r a i n  by push ing  FIRST fo l lowed by CLEAR bu t tons  
and t hen  swi tch  t h e  MODE s e l e c t o r  t o  I N T  p o s i t i o n .  The modules 
shou ld  s t o p  r a i n i n g  one by one s t a r t i n g  from Module no. 00 t i l l  
Module no. 9 9 .  Immediately a f t e r  t h i s ,  t u r n  t h e  Mode s e l e c t o r  
back t o  MAN. I f  l eakage  i s  d e t e c t e d  i t  shou ld  be r e p a i r e d  
be£ o r e  p roceeding  f u r t h e r  . 
i. 	Repeat S t eps  d ,  e ,  g, and h f o r  on ly  t h e  r e d  ??LOW b u t t o n  marked 
8 ,  i n s t e a d  of a l l  4 r e d  FLOW b u t t o n s .  
j .  	 Repeat S tep  i f o r  FLOW r e d  b u t t o n s  4 ,  2 ,  and f i n a l l y  f o r  1, 
s e p a r a t e l y ,  i n s t e a d  of 8. 
This  pr iming p roces s  f u r n i s h e s  f i v e  pu rposes .  F i r s t ,  i t  provide 
w a t e r  t o  f i l l  up t h e  r a ind rop  p roduce r s  t o  an a p p r o p r i a t e  dep th  s o  t h a t  
they  w i l l  have qu ick  response  a t  t h e  beg inn ing  of t h e  exper iment .  Second, 
i t  p r o v i d e s  a chance t o  c l e a r  t h e  t r apped  a i r  i n  t h e  r e c i r c u l a t i n g  flow 
system.  Th i rd ,  i t  p rov ides  a  means t o  observe  t h e  p rope r  func t i on ing  of 
t h e  modules. Four th ,  i t  p rov ides  t h e  neces sa ry  w e t t i n g  of t h e  b a s i n  
s u r f a c e .  F i f t h ,  i t  p rov ides  t h e  m o i s t u r e  t o  i n c r e a s e  t h e  humidi ty  of a i r  
i n  t h e  WES a r e a  t o  s a t u r a t e d  o r  n e a r l y  s a t u r a t e d  c o n d i t i o n  s o  t h a t  t h e  
e v a p o r a t i o n  e f f e c t  which i s  a c t u a l l y  s m a l l  can f u r t h e r  b e  minimized and 
n e g l e c t e d .  Of course ,  i f  n o t  a l l  of t h e  modules a r e  t o  b e  used i n  t h e  
exper iment ,  t h e  FIRST and LAST POSITION can b e  s e t  such t h a t  on ly  t h e  
n e c e s s a r y  modules be t e s t e d  and primed. 
1 4 .  	 I n  c a s e  t h e  pump s topped  due t o  p r e s s u r e  s u r g e ,  d i a l  t o  s t a r t  t h e  
pneumatic  c o n t r o l  t o  below z e r o ,  CLEAR a l l  t h e  EDVA'S , s e t  t h e  I C C  
i n  MAN mode, then r e s t a r t  the  pump fo l l owing  S teps  10 and 11. 
15. 	Push CLEAR and FIRST buttoms on t h e  c o n t r o l  p a n e l  of I C C .  Then s e t  
t h e  scanning  range by s e t t i n g  t h e  a p p r o p r i a t e  FIRST POSITION and 
LAST POSITION, 
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16.  	 C lose  t h e  b l e e d  v a l v e s  by t u r n i n g  off t h e  master s w i t c h  c o n t r o l l i n g  
t h e  f i v e  b l e e d  s o l e n o i d  v a l v e s .  There shoukd b e  no  a i r  bubbles re-
maining i n  the  p i p e l i n e  o r  coming ou t  f r o m  the b l e e d e r  now. Wait 
t i l l  t h e  b a s i n  is  completely  d r a ined  from p rev ious  we t t i ng .  znd priming 
as d e s c r i b e d  i n  Step 1 3  b e f o r e  s t a r t i n g  an exper iment ,  
1 7 .  	 Turn on e i e c t r i c  power supply  t o  the s t a g e  r e c o r d e r  t o  run  t h e  c l o c k  
and t o  r o t a t e  t h e  r eco rd ing  paper  drum f o r  r e c o r d i n g .  the  s t a g e  of  
CDFS. B e  s u r e  a r e f e r e n c e  datum is  marked, 
I f  t h e  exper iment  i s  t o  b e  run  manually "Lrrough I C C  w i thou t  us ing  
MSTORM PROFILE program on t h e  computer, t h e  fo l l owing  s t e p s  should b e  
fol lowed:  
18.  	 Le t  the  s c a n  mode s e l e c t o r  o f  I C C  remain a t  SCAN ( o r  CONT) , and t h e  
MODE knob remain a t  NAN. The FIRST POSITION and LAST POSITION f o r  
t h e  d e s i r e d  range  of  module o p e r a t i o n  f o r  t h e  exper iment  should have 
a l r e a d y  been set i n  S tep  15.  
1 9 .  	 Clear t h e  computer by pushing the r e d  b u t t o n  under t h e  desk. Turn 
on t h e  r e a d e r  by dep re s s ing  once i t s  ON b u t t o n ,  (The reader can be 
t u r n e d  on much e a r l i e r ,  e.g., af ter  S teps  4 o r  121 ,  Load the REMI 
SONAR .AND FLOWMETER program t a p e  i n t o  t h e  t a p e  reader and  then push 
t h e  START b u t t o n  t o  f eed  t h e  program i n t o  t h e  computer.  I f  t h e  
measurements are t o  b e  p r i n t e d  ou t  by the t y p e w r i t e r  instead of punched 
on p a p e r  t a p e s ,  t he  PRINT SONAR AND FLOWMETER program should be  f ed  i n .  
The t a p e  punch may be t u r n e d  on a t  this t i m e ,  i f  d e s i r e d ,  by d e p r e s s i n g  
i t s  ON b u t t o n .  The p r i n t  o u t  o r  punched t a p e  w i l l  c o n t a i n  three 
columns. The f i r s t  i s  t h e  4-sec accumulated flow-meter r ead ings .  
The second and t h i r d  are t h e  two sonar  dep th  measurements, r e s p e c t i v e l y .  
Remove t h e  t a p e  from t h e  r e a d e r  by dep re s s ing  EJECT b u t t o n  and r o l l  
up t h e  t a p e  f o r  f u t u r e  u se s .  Push ON bot tom of t h e  reader once 
a g a i n  t o  t u r n  i t  o f f .  I f  t h e  exper iment  i s  run w i t h o u t  u s ing  
t h e  computer, this s t o p  a s  w e l l  as Step 21 can b e  omi t t ed  and t h e  
measurements are made only  by CDFS and t h e  elbow meter .  
20. 	 If the high-flow l i n e  is  used and t h e  d i s c h a r g e  i s  more than 0 .3  
cf s , e l o s e  t h e  bypass l i n e  by t u r n i n g  o f f  t h e  bypass s o l e n o i d  v a l v e  
sw i t ch .  
21 .  	 Depress t h e  START b u t t o n  o f  t h e  computer. P o t t e r  Flowmeter read ings  
and 2 s o n a r  dep th  read ings  w i l l  b e  punched o u t  on t a p e  every  5 s ec .  
22 .  	 Opera te  I C C  a s  fo l lows:  
a .  	 Push on t h e  FLOW red  b u t t o n s  of I C G  cor responding  t o  the d e s i r e d  
i n t e n s i t y  f o r  t h e  exper iment .  Press i n  t h e  STOP b u t t o n  (do n o t  
r e l e a s e  i t  s o  tha t  no number i s  shown on numeric d i s p l a y  window) 
o r  t u r n  t h e  scan mode s e l e c t o r  t o  OFF, t hen  push SET once. Use 
of STOP b u t t o n  i s  p r e f e r r e d ,  
b e  Turn t h e  MODE knob t o  INT and then  r e l e a s e  t h e  STOP b u t t o n ,  o r  
t u r n  t h e  scan  mode s e l e c t o r  t o  SCAN i f  t h e  STOP b u t t o n  i s  n o t  
used.  Mark t h i s  s t a r t i n g  t i m e  o r  a known r e f e r e n c e  t i m e  f o r  t h e  
s tage r e c o r d e r  and o t h e r  measurements. A f t e r  one c y c l e  of 
scanning  i s  completed  s o  that t h e  d e s i r e d  r a i n f a l l  i s  produced 
from a l l  t h e  r equ i r ed  modules,  t u r n  t h e  MODE knob t o  MAN t o  
avo id  unnecessary scanning .  A s t a t i o n a r y  r a i n s t o r m  of  cons t an t  
i n t e n s i t y  i s  t hen  gene ra t ed .  By us ing  t h e  MAN mode and STEP 
b u t t o n ,  nonuniform i n t e n s i t y  r a in s to rms  and moving r a in s to rms  
can a l s o  b e  gene ra t ed ;  b u t  i t  i s  ex t remely  d i f f i c u l t  t o  o b t a i n  
t h e  neces sa ry  accuracy i n  t i m e  c o n t r o l .  Hence manual c o n t r o l  
method i s  n o t  p r a c t i c a l  and n o t  recommended t o  produce non-
uniform i n t e n s i t y  and/or  moving r a in s to rms .  I n  f a c t ,  because 
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of t h e  f a s t  scanning  by t h e  EKC made w i t h  computer c o n t r o l ,  and 
consequent ly  mare accurate exper imenta l  execution of r a i n f a l l  
d u r a t i o n  t han  the TNT o r  1vlA.N modes, the use of computer c o n t r o l l e d  
r a i n f a l l  i s  p r e f e r r e d  a ~ drecommended whenever p o s s i b l e .  
I f  t h e  exper iment  i s  t o  be  run by computer c o n t r o l ,  the fo l l owing  
t e p s  shou ld  b e  fo l lowed a f t e r  S tep  17. 
23. 	P r e p a r e  I C C  f o r  exper iment  by s e t t i n g  t h e  MODE knob t o  EXT and t h e  
s c a n  mode s e l e c t o r  a t  CONT ( o r  SCAN ) .  The app rop r i . a t e  FIRST POSITION 
and LAST POSITION have been  se t  i n  S t ep  15. I n  us ing  the  ON-LINE 
program t o  perform exper iments ,  s p e c i a l  a t t e n t i o n  shou ld  be p a i d  on 
t h e  f i r s t  and l a s t  p o s i t i o n s  of r a i n f a l l  modules i n  the ope ra t i on ,  
The FIRST POSITION s e t  on I C C  should  b e  t h e  number preceding  t h e  
number of t h e  f i r s t  module t o  be i n s t r u c t e d ,  The LAST POSITION is 
t h e  number of t h e  l a s t  module t o  be  o p e r a t e d  o r  any number s m a l l e r  
t han  t h e  number f o r  FIRST POSITION o r  a number g r e a t e r  than the 
number of  t h e  last module b u t  e q u a l  t o  o r  s m a l l e r  than 99. For Ex-
ample, f o r  a RAINSTORM PROFILE t a p e  c o n t a i n i n g  i n s t r u c t i o n s  f o r  an 
experiment  which r e q u i r e s  only Modules nos. 40 t o  59, t h e  FIRST 
POSITION is  39 and t h e  LAST POSITION i s  59 o r  any v a l u e  between 59 
and 99 and 00 and 38. I f  a RAINSTORM PROFILE t a p e  containing 
i n s t r u c t i o n s  f o r  a l l  100 modules f o r  t h e  exper iment  t o  be executed 
on modules from 00 through t o  9 9 ,  t he  FIRST POSITION i s  99 and the  
LAST POSITION i s  9 8, 
24.  	 P r e p a r e  t h e  PDS 1020 computer f o r  t h e  exper iment .  
a .  	 C l ea r  t h e  computer by pushing t h e  r e d  b u t t o n  s w i t c h  under t h e  
desk ( o r  by c l e a r i n g  memory l o c a t i o n s  DD4 and D D ~ ) .  
b .  	 Load t h e  ON-LINE program t a p e  hav ing  t h e  a p p r o p r i a t e  b a s i c  time 
i n t e r v a l  i n t o  t h e  t a p e  r e a d e r  and t u r n  on t h e  r e a d e r ,  then  push 
t h e  START bu t ton  ( o r  add re s s  t h e  computer t o  DD4) t o  f e e d  t h e  
program i n t o  the computer. Afterward remove t h e  t a p e  by de-
p r e s s i n g  t h e  EJECT b u t t o n ,  
c. 	 Close t h e  bypass line i f  t h e  d i s cha rge  i s  g r e a t e r  than  0 . 3  c f s  as 
i n  S tep  20, 
d. 	 Push t h e  START b u t t o n  (or  add re s s  t h e  computer t o  l o c a t i o n  200) 
t o  i n i t i a t e  t h e  program o p e r a t i o n .  The computer w i l l  t ype  "ALL 
HEADS ZERO," 
e .  Load t h e  RAINSTORM PROFILE program tape  on t h e  r e a d e r ,  t h e  da ta  
on t h e  t a p e  p r e f e r a b l y  t o  b e  as c l o s e  as p o s s i b l e  t o  the teeth of 
t h e  r e a d e r ,  This s t e p  can a l s o  b e  done b e f o r e  S t ep  c a  
f .  	 Turn on t h e  t a p e  punch ( i f  n o t  a l r eady  done) by d e p r e s s i n g  i t s  ON 
b u t t o n  once, 
g .  	 Depress t h e  START b u t t o n  of  t h e  computer a g a i n  t o  s t a r t  t h e  exper i -  
ment. Synchronize t h e  t i m e  of s t a r t i n g  f o r  t h e  s t a g e  r e c o r d e r ,  
F u r t h e r  d e t a i l s  on o p e r a t i o n  of t h e  ON-LINE program i s  g iven  i n  
Sec.  VIHZ-2. 
V I I I - 2 .  O p e r a t t 
The purpose of the ON-LINE program i s  t o  c o n t r o l  t h e  execu t ion  of 
exper iments  by s e t t i n g  a t  p rope r  t i m e s  t h e  EDl7A s o l e n o i d  v a l v e  t o  pass  water 
a t  r a t e s  d i c t a t e d  by the  data cor responding  t o  t h e  rainstorm on a punched 
RAINSTORM PROFILE t a p e  p r e v i o u s l y  gene ra t ed  by u s i n g  t h e  PUNCH-RAINSTORM 
program (See Appendix 3) .  The ON-LINE program a l s o  con t a in s  i n s t r u c t i o n s  
t o  a c q u i r e  r ead ings  from t h e  P o t t e r  Flowmeter and from each of the two 
s o n a r  dep th  s e n s o r s  and t o  punch them a t  s p e c i f i e d  t ime i n t e r v a l s  on a 
pape r  t a p e .  The d e t a i l  p rocedure  i n  o p e r a t i n g  t h e  ON-LINE program t o g e t h e r  
w i th  t h e  RAINSTORM PROFILE program r e q u i r e d  a s  S t ep  2 4  i n  Sec.  VIII-1 is  as 
fo l l ows : 
I. 	 The computer should  have a l r e a d y  been t u rned  on and warmed up. 
2 .  	 Clear  t h e  memories by p r e s s i n g  t h e  r e d  b u t t o n  under  t h e  desk  n e a r  t h e  
back a t  t h e  r i g h t  s i d e  of t h e  computer ( o r  by c l e a r i n g  l o c a t i o n s  DD4 
and D D 5 ) .  
3, 	 Push t h e  ON b u t t o n  t o  t u r n  on t he  t a p e  r e a d e r  and load  t h e  ON-LINE 
t a p e  through t h e  r e a d e r ,  t hen  push t h e  START b u t t o n  on t h e  computer 
c o n t r o l  p a n e l  ( o r  address  t h e  computer t o  memory l o c a t i o n  DD4) t o  read  
t h e  program i n t o  t h e  computer. A£ t e r  t h e  l o a d i n g  i s  completed, remove 
t h e  t a p e  by depress ing  t h e  EJECT bu t t on .  
4 *  	 Push t h e  START b u t t o n  on t h e  computer c o n t r o l  pane l  t o  i n i t i a t e  opera-  
t i o n  of t h e  ON-LINE program, A l l  s o l e n o i d  v a l v e s  a r e  set t o  c lo sed  
p o s i t i o n  and t he  computer t ypes  ou t  "ALL HEADS ZERO." The computer 
t hen  h a l t s *  
5 - 	 Load t h e  d e s i r e d  RAINSTORM PROFILE program t a p e  on t h e  tape r e a d e r  t o  
wait f o r  i t s  d a t a  t o  b e  r ead  l i n e  a f t e r  l i n e ,  
6 .  	 Turn on t h e  t a p e  puncher ( i f  n o t  done y e t )  by dep re s s ing  i t s  ON b u t t o n  
once.  
7 .  	 Push t h e  START b u t t o n  aga in  t o  r e a c t i v a t e  t h e  computer. The computer 
w i l l  now type o u t  " INTERVAL/~O SEC and w i l l  w a i t  f o r  a one-d ig i t=IT 
numeric  e n t r y  from t h e  keyboard. The 30-sec p e r i o d  may b e  changed 
t o  any o t h e r  t ime l e n g t h ,  M, of m u l t i p l i e r  o f  5 s e c  by changing t h e  
cor responding  s t a t e m e n t s  i n  t h e  ON-LINE program. C u r r e n t l y  5 ,  10 ,  
and 60-sec ON-LINE programs a r e  a l s o  a v a i l a b l e .  

When a t i m e  i n t e r v a l  of M X N s e c  h a s  e l apsed  s i n c e  t h e  i n i t i a t i o n  of t h e  
l as t  v a l v e  upda t ing  ope r a t i on ,  a  new update  i s  begun. 
The above cy c l e  con t inues  u n t i l  an END OF DATA (STOP) code i s  
encoun te r ed  on t h e  MINSTORM PROFILE t a p e ,  a t  which t i m e  t h e  computer w i l l  
l e a v e  t h e  s o l eno i d  v a l v e s  a t  t h e i r  l a s t  s e t t i n g  wh i l e  con t inu ing  t o  punch 
5-sec r ead ings .  This  p roces s  w i l l  con t inue  u n t i l  Sense Switch No. 1 i s  
dep r e s s ed ,  a t  which t ime t h e  computer w i l l  type  "END.", punch an END code 
on t h e  MEASUREMENT t ape ,  s e t  a l l  va lves  t o  ze ro ,  type  "ALL VALVES ZERO", 
and h a l t  ready t o  ope r a t e  on ano the r  PdINSTORM PROFILE t a p e .  
VIII-3. Opera t ion  Procedure t o  Terminate  an Experiment 
The ope r a t i on  procedure  t o  t e rmina t e  an exper iment  i s  b a s i c a l l y  
t h e  r e v e r s e  of  t h a t  t o  i n i t i a t e  one ,  The r a i n f a l l  i s  ceased e i t h e r  by t h e  
command of t h e  RAINSTOP3 PROFILE program o r  i n  manual op e r a t i on  by p r e s s i n g  
i n  t h e  STOP bu t t on  fo l lowed by push ing  t h e  CLEAR bu t t o n  on t h e  I C C  c o n t r o l  
p a n e l  and t h en  swi t ch  the MODE knob t o  INT .  Re lease  t h e  STOP bu t t on  a t  t h e  
d e s i r e d  moment and mark t h e  t i m e  s t a r t i n g  from which t h e  s o l eno i d  va lves  of 
t h e  modules a r e  c lo sed  i n  sequence. A f t e r  one c y c l e  o f  module ope r a t i on  i s  
completed,  t u r n  t h e  MODE knob t o  PIEAN. 
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Af t e r  t h e  r a i n f a l l  ha s  ceased ,  a c e r t a i n  t ime has  t o  be  allowed 
f o r  t h e  b a s i n  t o  be  d r a ined .  When t h e  r ece s s ion  runof f  from t h e  b a s i n  i s  
beyond t h e  measurable  expe r imen ta l  accuracy ,  which i s  0.0007 c f s  by con-
s i d e r i n g  a minimum d e t e c t a b l e  v a r i a t i o n  of depth r e ad i ng  of 0 .02 i n .  i n  0 .5 
m in ,  the runof f  and hence t h e  exper iment  can be  cons idered  as e s s e n t i a l l y  
completed. The s t a g e  r e co r d e r  shou ld  now be t u rned  o f f  and t h e  r e f e r en c e  
t i m e  and datum should  b e  checked. I d e n t i f i c a t i o n  of  t h e  exper iment  shou ld  
a l s o  b e  marked on t h e  r eco rd ing  pape r  immediately.  
The pump should  have s topped  au t oma t i c a l l y  fo l l owing  an alarm 
s i g n a l  when t h e  r a in s to rm i s  ceased by pushing t h e  CLEAR bu t t o n  o r  by the 
I 
i s  s t i l l  runn ing ,  i t  should  b e  s h u t  down by pushing t h e  s t o p  b u t t o n  i n  a r e d  
r i n g  marked PUSH a t  t h e  f r o n t  of t h e  mo to r - s t a r t e r  r e l a y  sw i t ch  box un l e s s  
a no t h e r  exper iment  i s  t o  b e  fol lowed a f t e r  t h e  c u r r e n t  one i s  completed. In 
t h i s  c a s e  b e  s u r e  t h e  bypass l i n e  i s  open. 
I f  t h e  experiment i s  run by computer c o n t r o l  w i t h  a RAINSTORM 
PROFILE t a p e ,  t h e  ope r a t o r  should  p r e s s  Sense Switch No. 1. Upon t h i s  opera-  
t i o n  t h e  computer w i l l  
( a )  s t o p  t h e  p roces s  of t a k i n g  and punching measurement r ead ings  
a t  e v e r y  5 s e c ,  
(b) command t h e  t yp ewr i t e r  t o  p r i n t  ou t  END, 
( c )  punch an END code on t h e  measurement t a p e ,  
(d) command t h e  I C C  t o  s e t  a l l  so l eno id  v a l v e s  t o  c lo sed  p o s i t i o n  
i f  t h ey  are n o t  a l r e ady  s o ,  and then  
( e )  h a l t .  
A f t e r  t h e  t a p e  punch i s  t u r n ed  o f f  by push ing  i t s  ON b u t t o n  and the 
EJECT b u t t o n  of t h e  t a p e  r e ade r  i s  depressed  t o  remove t h e  RAINSTORM PROFILE 
t a p e ,  t h e  computer i s  ready f o r  e i t h e r  t o  ope r a t e  on ano the r  RAINSTORM PROFILE 
t a p e  f o r  a no t h e r  experiment o r  t o  t h e  procedure  of s h u t t i n g  o f f  t h e  WES which 
w i l l  b e  d e s c r i b ed  l a t e r  a s  S t eps  1-7 i n  t h i s  Sec t i on .  The RAINSTORM PROFILE 
t a p e  j u s t  t e s t e d  and  t h e  measured d a t a  t ape  should b e  removed from t h e  com-
p u t e r  and marked immediately f o r  f u t u r e  p roces se s .  
I f  ano the r  RAINSTORM PROFILE t a p e  i s  t o  b e  r un  f o r  ano the r  exper i -  
ment, t h e  o p e r a t o r  should  f i r s t  reset t h e  High-Low f low  l i n e  sw i t c h e s  on I C C  
and on t h e  b leed-va lve  box of  t h e  f low c o n t r o l  sys tem and check t h e  au tomat ic  
f low c o n t r o l  v a l v e  i f  a d i f f e r e n t  f low l i n e  i s  used. Then he  should  check 
t h e  pr iming  and c l e a r  o u t  a i r  bubb le s ,  i f  any, i n  t h e  r e c i r c u l a t i o n  p i p e l i n e  
and t u b i n g  sys tem as Step  13g i n  Sec  V I I I - 1 .  A f t e r  t h i s  t h e  o p e r a t o r  p roceeds  
t o  S t e p  1 4 ,  and then  s t a r t s  from S tep  16 i n  Sec V I I I - 1  f o r  t h e  new exper iment .  
If t h e  exper iment  i s  run  by manual c o n t r o l  b u t  w i t h  t h e  computer 
running t h e  READ SONAR AND FLOWMETER program t ak ing  t h e  s o n a r  depth and P o t t e r  
Flowmeter d a t a ,  t h e  o p e r a t o r  should  push Sense Switch No. 1 and proceeds i n  
t h e  same way a s  f o r  t h e  ca se  of  computer c o n t r o l  exper iment .  
I f  t h e  experiment i s  r u n  manually w i thou t  us ing  t h e  computer, t h e  
o p e r a t o r  may, a f t e r  t h e  High-Low f low l i n e  i s  p r o p e r l y  s e t  and priming checked,  
p roceeds  t o  S tep  1 4  and t hen  s t a r t s  from Step  16  f o r  ano the r  exper iment .  O r  
h e  may s h u t  o f f  WES by t h e  fo l l owing  s t e p s :  
1. 	 Make s u r e  t h a t  t h e  bypass  l i n e  and t h e  b l eed  va lves  are open, r educe  
p r e s s u r e  i n  pneumatic f low c o n t r o l  system by t u r n i n g  counte rc lockwise  
d i r e c t i o n  g r adua l l y  a l l  t h e  way t h e  c o n t r o l  knob a t  t h e  lower right 
s i d e  of  t h e  f r o n t  of t h e  I n d i c a t i n g  P r e s s u r e  Cont ro l  Uni t  u n t i l  t h e  
p r e s s u r e  drops t o  ze ro  s o  t h a t  t h e  au tomat ic  f low c o n t r o l  v a l v e  is 
a t  c l o s e d  p o s i t i o n ,  
2 .  	 B e  s u r e  by now t h e  pump i s  s h u t  down, t h e  s t a g e  r e c o r d e r  i s  tu rned  

o f f ,  and t h e  punched t a p e s  are taken  c a r e  o f .  

3 .  	 Turn o f f  t h e  r e a d e r  and t a p e  punch of t h e  computer, and t hen  t u r n  o f f  
t h e  computer by dep re s s ing  t h e  POWER b u t t o n .  However, if f u r t h e r  data 
p r o c e s s i n g  is  t o  b e  made on t h e  computer, l e a v e  t h e  power on and skip 
t h i s  s t e p .  
4 .  	 Turn o f f  I C C ,  r e v e r s i n g  t h e  sequence of S t ep  2 i n  Sec V I I I - 1 ,  i . e . ,  
a. 	 Turn o f f  t h e  power sw i t ches  f o r  every  one of  t h e  f o u r  a u x i l i a r y  
28 V DC power supply  u n i t s .  
b .  	 Turn o f f  t h e  power s w i t c h  of t h e  main 28  V DC Power Supply Un i t  
1O0189. 
C .  	 Close t h e  back door of I C C .  Be s u r e  t h e  f a n  i s  o f f  . 
d. 	 Turn o f f  t he  ICC m a s t e r  power swi tch  a t  t h e  middle  of t h e  f r o n t  
c o n t r o l  pane l ,  
5 ,  	 Turn of f  t h e  bypass s o l e n a i d  valve swi t ch  and t h e  mas t e r  sw i t ch  f o r  
t h e  f i v e  b l eed  va%ves8  Both sw i t ches  are a t  the r i g h t  s i d e  of t h e  
s w i t c h  box, 
6 ,  	 Switch o f f  t h e  f o u r  Square D c i r c u i t  breakers on t h e  w a l l .  
a ,  Turn o f f  t h e  30 a m p ,  3-phase, 240 V AG ICC power l i n e  c i r c u i t  
b r e a k e r ,  
b e  Turn o f f  t h e  30 amp, s i ng l e -phase ,  120 V AC bleed-valve and pneu-
m a t i c  c o n t r o l l e r  power mas t e r  sw i t ch ,  
c. 	 Turn o f f  t h e  100 amp, 3-phase, 240 V AC pump-motor power c i r c u i t  
b r e a k e r .  
d .  	 Turn o f f  t h e  250 V AC a i r  compressor mas t e r  sw i t ch .  
7 .  	 Turn o f f  t h e  new 2 8  V DC power supp ly  u n i t .  
a. 	 Push t h e  r e d  b u t t o n  of DC c u r r e n t  l o c a t e d  on the lower  middle of  
t h e  c o n t r o l  pane l .  
b e  Turn o f f  t h e  c o n t r o l  sw i t ch  a t  the upper  middle  o f  t h e  c o n t r o l  panel  
c.  	 Turn o f f  t h e  main AC power sw i t ch  of t h e  u n i t  h id ing  a t  t h e  middle 
of  t h e  lower p a r t  of t h e  f r o n t  pane l  o f  t h e  u n i t ,  
d .  	 Turn o f f  t h e  30 a m p ,  3-phase, 240 V AC Square D circuit breaker  on 
the  wail .  
It should  be  no ted  he re  t h a t  i f  WES i s  ~ p e r a t e df a r  maintenance ow 
o t h e r  non-experimental  p u q o s e s ,  t h e  s h u t  o f f  p rocedure  i s  s l i g h t l y  d i f f e r e n t  
i n  o r d e r  t o  avoid  unnecessary waterhammer damages. I n  s h u t t i n g  o f f  the  
system,  the  i n t e n s i t y  should  reduced g r a d u a l l y ,  f i r s t  t u r n  
o f f  s o l e n o i d  v a l v e s  f o r  f low passages 8, then t u r n  o f f  va lve s  f o r  passages 4 ,  
then  2 and 1, This  i s  done by p r e s s i n g  t h e  needed r e d  FLOW b u t t o n s  i n  when 
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pre s s ing  once t h e  CLEAR bu t ton .  For example, i f  f low passage  8 i s  t o  be 
turned o f f  w h i l e  o t h e r s  a r e  t o  remain on,  t h e  o p e r a t o r  shou ld  f i r s t  p r e s s  i n  
red  b u t t o n s  1, 2 ,  and 4 fol lowed by pushing t h e  CLEAR bu t ton .  Then he can 
r e l e a s e  h i s  f i n g e r s  on r e d  b u t t o n s  1, 2 ,  and 4 which remain lit  whi.le t h e  
l i g h t  of FLOW b u t t o n  8 i s  o f f .  This  may a l s o  be  done by t u r n i n g  t o  t h e  MAN 
mode, push CLEAR, p r e s s  FLOW swi t ches  1, 2 ,  and 4, and t hen  t u r n  t o  I N T  mode. 
O r ,  h e  can  s t o p  r a i n i n g  of a few modules a t  a t ime. A f t e r  a l l  t h e  so l eno id  
va lves  have been t u rned  o f f ,  S t eps  1 and 3 a r e  executed  fo l lowed by s h u t t i n g  
of f  t h e  pump. Then t h e  o p e r a t o r  may proceed s t a r t i n g  from Step  4 i n  sequence.  
VIII-4. PDS 1020 Computer Data P roces s ing  
S ince  t h e  PDS 1020 d i g i t a l  computer i s  a g e n e r a l  purpose  computer, 
i t  can b e  used f o r  s imple  d a t a  p r o c e s s i n g  i n  a d d i t i o n  t o  i t s  f u n c t i o n  a s  
exper iment  c o n t r o l  and d a t a  a c q u i s i t i o n  a s  d e s c r i b e d  i n  Secs.  V I I I - 1  and 2 .  
A s  d i s c u s s e d  i n  Chapter V I I ,  t h e r e  a r e  f o u r  types  of  measurements f o r  t h e  
exper iments ; namely, t h e  P o t t e r  Flowmeters, t h e  s o n a r  dep th  s e n s o r s ,  t h e  
elbow me te r ,  and t h e  stage r eco rd ing  of CDFS. The elbow meter and CDFS 
s t a g e  measurements a r e  n o t  punched on t a p e s ,  cannot  b e  p roces sed  by t h e  com-
p u t e r  d i r e c t l y ,  and hence have t o  b e  handled s e p a r a t e l y .  The P o t t e r  Flow-
meter and s o n a r  depth measurements a r e  punched on t a p e s  and are ready f o r  
p roces s ing  by t h e  computer a t  any convenien t  moment. 
There  a r e  two types  of r o u t i n e  d a t a  p r o c e s s i n g  performed by t h e  
PDS 1020 computer. One i s  t h e  c a l c u l a t i o n  of wa t e r shed  runoff  and t h e  t i m e  
rate of w a t e r  s u p p l i e d  t o  t h e  r a i n f a l l  modules t o  produce r a i n f a l l ,  i.e., 
t h e  hydrograph and hye tograph ,  from t h e  measurement t ape .  The o t h e r  i s  
t he  p l o t t i n g  of  t h e  watershed hye tograph  and hydrograph.  
To compute t h e  va lues  of hydrograph and hye tograph  from t h e  
MEASUREIZ-IENT t a p e  f o r  an experiment gene ra t ed  by u s i n g  t h e  ON-LINE program 
o r  t h e  READ SONAR AND F L O W T E R  program, t h e  prccedure  i s  a s  fo l l ows :  
4 ,  Clear t h e  computer memory by pushing the  r e d  b u t t o n  under t h e  com-
p u t e r  desk (o r  by c l e a r i n g  m e m o r y  l o c a t i o n s  DD4 and DD~). 
2 .  	 Turn on t h e  r e a d e r  by dep re s s ing  once i t s  OW b u t t o n ,  i 
1 
3. 	 If on ly  p r i n t - o u t  result i n  the form of va lues  f o r  the  hydrograph and I 
, 
hyetograph  i s  needed, l o a d  t h e  computer tape r e a d e r  w i t h  PRINT MEASURE-
MENT program t a p e ,  I f  the r e s u l t  i s  t o  b e  punched o u t  on a t a p e  i n  addi-
t i o n  t o  b e  typed o u t ,  l oad  t h e  r e a d e r  w i t h  PRINT AND PUNCH MEASUREMENT 
program t ape .  Tihe l a t t e r  i s  u s u a l l y  used and p r e f e r r e d  as t h e  genera ted  
t a p e  w i l l  be  used f o r  computer p l o t t i n g  of t h e  hydrograph an$ hyetograph. 
The o p e r a t o r  may now dep re s s  t h e  START b u t t o n  ( o r  add re s s  i t  t o  loca-
t i o n  DD 4 )  of  t h e  computer t o  f e e d  t h e  program i n t o  t h e  computer. If  
t h e  High-flow l i n e  was used i n  t h e  exper iment ,  depress  Sense S w i t c h  
No. 1. The neces sa ry  convers ion  cons t an t s  a r e  i nc luded  i n  t h e  prcgrarr?, 

There  a r e  i d e n t i c a l  programs w i t h  d i f f e r e n t  c o n s t a n t s  t o  account f o r  

exper iments  w i t h  d i f f e r e n t  s t o r a g e  tank  s i z e s  and methods of  cumputa-

t i on ,  A f t e r  t h e  program i s  f e d ,  push t h e  EJECT bu t ton  t o  remove t h e  

t a p e .  Leave t h e  r e a d e r  power on, 

Load t h e  MEASUREMENT t ape  of  t h e  exper imenta l  d a t a  t o  b e  processed  on 

t h e  t a p e  r e a d e r .  

T u r n  on t h e  t a p e  punch by push ing  i t s  OM b u t t o n  once. 

6 .  	 Depress t h e  START b u t t o n  of t h e  computer, t h e  expe r imen ta l  r e s u l t  w i l l  

b e  p r i n t e d  o u t  o r  p r i n t e d  o u t  and punched o u t  i n  sequence,  The p r i n t  

ou t  consists of s i x  columns w i t h  i d e n t i f i c a t i o n s  marked on t h e  t o p  of 

e ach  column (Fig.  29)  : T i m e ,  Flowmeter, Depth 1, Depth 2 ,  In£ low, 

Outflow. The t i m e  is p r i n t e d  o u t  f o r  every  30 s e c ,  o t h e r s  every 5 set* 

In f low  i s  t h e  t o t a l  f low rate i n t o  t h e  r a i n d r o p  producers  t o  produce 
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F i g .  29. Sample o f  experimental d a t a  p r i n t o u t  
r a i n f a l l  and i s  computed based on t h e  c a l i b r a t i o n  curve of t he  P o t t e r  
F l o ~m e t e r s .  Outflow i s  the  wate rshed  runof f  and i s  computed based 
on t h e  c o n t i n u i t y  p r i n c i p l e ,  Eq .  30, When a l l  t h e  data i s  processed i 
o r  t h e  END code on the MEASUWMEMT tape  i s  d e t e c t e d ,  t h e  computer 
h a l t s .  
7 .  Depress t h e  FEED b u t t o n  of t h e  t a p e  punch and t e a r  o f f  t h e  punched 
r e s u l t  t a p e ,  c a l l e d  HYDROGRAPH t a p e ,  which i s  then  marked and r o l l e d  
up f o r  f u t u r e  u se s .  Turn o f f  t h e  punch by d ep r e s s i ng  t h e  ON bu t t on ,  
8. Depress  t h e  EJECT b u t t o n  of t h e  r e ade r  t o  remove the  MEASURENENT 
t ape .  Turn o f f  t h e  r e ade r  un l e s s  o t h e r  tapes are t o  b e  r e a d  Imme-
d i a t e l y .  
To p l o t  t h e  expe r imen ta l  hydrograph and hye tograph  from t h e  HYDROGRAP 
t a p e s ,  t h e  s t e p s  are a s  fo l lows:  
1. Clear t h e  computer by pushing t h e  r ed  b u t t o n  under  t h e  computes desk 
( o r  by c l e a r i n g  memory l o c a t i o n s  DD4 and D D ~ ) .  
2 ,  Load t h e  PLOT HYDROG B program t a p e  w i t h  a p p r o p r i a t e  d i s ch a r g e  s c a l e  
on t h e  t a p e  r e ade r ,  I f  t h e  r e a d e r  power i s  n o t  a l r e ady  on, turn i t  on 
t h en  dep re s s  START bu t t o n  of t h e  computer (or  address  t o  l o c a t i o n  D D ~ )  
A f t e r  t h e  program i s  f e d  i n t o  t h e  computer, push EJECT t o  remove t h e  
t a p e .  Leave t h e  r e a d e r  power on. 
3. Load the  HYDROGRAPH t a p e  "io b e  p l o t t e d  on t h e  r e ade r .  
4 .  Depress START of t h e  computer. The expe r imen ta l  r e s u l t  w i l l .  b e  p l o t t e  
as f low r a t e  vs .  t ime.  The t i m e  s c a l e  i s  marked every 30 s e c  and t h e  
p o i n t s  marked 0 r e p r e s e n t i n g  t h e  d i s cha rge  from t h e  wate rshed  and I 
r e p r e s e n t i n g  t h e  f low rate i n t o  t h e  r a i n f a l l  modules t o  produce the 
expe r imen ta l  r a i n s t o rm ,  
5. 	 When a l l  the d a t a  a r e  p l o t t e d ,  t h e  computer w i l l  h a l t .  Tear o f f  t h e  
t y p e w r i t e r  p l o t t e d  hydrograph and hyetograph and mark them f o r  i d e n t i -  
f i c a t i o n  (Fig.  30). 
6. 	Depress  t h e  EJECT b u t t o n  t o  remove t h e  HYDROGRAPH t a p e  from t h e  r e a d e r .  
Turn o f f  t h e  r e a d e r  u n l e s s  o t h e r  t apes  a r e  t o  b e  r e a d  immediately.  
VIII-5. U s e  of S to rage  Tank 
As d i s cus sed  i n  Sec. V-1, t h e  40 f t  by 19 i n .  s t o r a g e  tank car1 b e  
d i v i d e d  i n t o  f i v e  equa l - s i ze  compartments by u s ing  p a r t i t i o n  w a l l s .  I n  p e r -  
forming exper iments ,  depending on t h e  t i m e  r a t e  and q u a n t i t y  of r a i n f a l l ,  t h e  
e n t i r e  t a n k  o r  any combination of t h e  compartments may b e  used.  However, 
s i n c e  t h e r e  i s  no o u t l e t  p rov ided  f o r  t h e  two end compartments,  they can b e  
used on ly  t o g e t h e r  w i t h  t h e  a d j a c e n t  compartments as a u n i t .  
For  most of the exper iments ,  t h e  tank i s  d i v i d e d  i n t o  t h r e e  p a r t s :  
The 8 - f t  wide  c e n t r a l  compartment w i t h  two sonar  dep th  s e n s o r s  i n  i t  and 
two 1 6 - f t  wide s i d e  compartments. Whether t h e  o u t l e t s  of t h e  t ank  and t h e  
pump bypas s  r e t u r n  line a r e  capped f o r  t h e  c e n t r a l  compartment o r  f o r  t h e  
s i d e  compartments depends on whether CDFS i s  used. 
When CDFS i s  n o t  used ,  t h e  o u t l e t s  and t h e  bypass  r e t u r n  p ipe  o f  
t h e  c e n t r a l  compartment a r e  open aild t h o s e  f o r  t h e  s i d e  compartments are 
capped. U s e  of only t h e  c e n t r a l  compartment improves the runoff measure-
ment accuracy  b u t  i t  imposes a l i m i t a t i o n  on d i s c h a r g e  i t  can handle due 
t o  i t s  s m a l l  volume. S t i l l  t h e  measurement accuracy  cannot  b e  compared 
w i th  t h a t  w i t h  CDFS i n  a c t i o n  a s  d i s cus sed  i n  Sec.  VII-4. O f  cou r se ,  
h i g h e r  d i s  charges  can b e  accommodated by combining t h e  c e n t r a l  compart- 
ment w i t h  one o r  bo th  of  t h e  s i d e  compartments by removing t h e  p a r t i t i o n  
w a l l s .  But t h i s  would f u r t h e r  worsen t h e  measurement accuracy .  
F i g .  30. Sample o f  computer p l o t t e d  hydrograph 
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When CDFS i s  i n  u s e ,  t h e  o u t l e t s  and t h e  bypass  r e t u r n  p ipes  o f  
bo th  s i d e  compartments a r e  open and t hose  f o r  t h e  c e n t r a l  compartment a r e  
capped. Low-discharge exper iments  can b e  conducted w i t h  on ly  one p a i r  of 
s iphons  running  wh i l e  h igh-d ischarge  exper iments  can b e  made by having a l l  
s iphons  running  w i t h  t e l e scoped  ex t en s i on  t o  i n c r e a s e  t h e  s i phon  head. 
Thus, i n  p l ann ing  an exper iment ,  i f  CDFS is  i n  u se  t h e  ope ra to r  
should  c on s i d e r  i n  advance, i n  a d d i t i o n  t o  adopt ion  of High-or L o x ~ flow 
l i n e ,  how many s iphons  should  b e  p u t  i n t o  ope r a t i on  and whether  an exten- 
s i o n  of s i phon  i s  neces sa ry ,  whereas  i f  CDFS i s  n o t  i n  u s e  how many cornpart- 
e n t s  of t h e  t a nk  should  b e  i n  ope r a t i on .  The former  op t i on  i s  recommended 
a s  i t  n o t  on ly  prov ides  b e t t e r  runof f  measurement accuracy  b u t  a l s o  i s  
u s u a l l y  s imp l e r .  
V I IH - 6  , Regular  Maintenance 
I n  a d d i t i o n  t o  t h e  s t a n d a r d  maintenance s e r v i c e s  on t h e  a i r  com-
p r e s s o r  and t h e  pump and motor ,  t h e r e  are a number of p e r i o d i c  maintenance 
s e r v i c e s  on v a r i ou s  components of WES which a r e  n e c e s s a r y  i n  o r d e r  t o  
ma in t a in  t h e  equipment i n  p rope r  exper imenta l  c ond i t i on .  The PDS 1020 com- 
p u t e r  i s  s e r v i c e d  by EAI p e r s onne l  through a  maintenance s e r v i c e  c o n t r a c t  
and t h e  I C C ,  28  V DC power u n i t ,  e l e c t r o n i c  p a r t  of t h e  s o l eno i d  valves and 
o t h e r  e l e c t r i c  c i r c u i t s  a r e  s e r v ed  by t he  Un i v e r s i t y  of I l l i n o i s ,  Department 
of C i v i l  Engineer ing ,  I n s t r umen t a t i on  Laboratory pe r sonne l .  The s e r v i c e s  
r 
u s u a l l y  i nvo l v e  adjustment  of v o l t a g e  and r e p a i r  o r  replacement  of mal- 
f unc t i oned  p a r t s .  
(A) Water So f t e n e r  
The sma l l  po lye thy l ene  t ub ings  used t o  p roduce  r a i nd r op s  may b e  
clogged by s m a l l  p a r t i c l e s .  To avoid  format ion  of  f o r e i g n  p a r t i c l e s  due t o  
The s o f t e n e r  t r e a t s  t h e  w a t e r  f e d  i n t o  t h e  system o r  can b e  branched t o  treat 
t h e  w a t e r  i n  the bypass l i n e  coming back t o  t he  s t o r a g e  tank  from the  pump. 
Rock s a l t  shou ld  b e  f i l l e d  i n t o  t h e  s o f t e n e r  abcu t  once a month o r  whenevcr 
i t  	is low. Before f eed ing  w a t e r  from c i t y  supply t o  WES o r  a f t e r  a  pe r iod  of 
u s e  	a long  t h e  bypass l i n e  o r  when t h e  wa te r  s o f t n e s s  t e s t  i n d i c a t e s  hardness, 
t h e  s o f t e n e r  u n i t  should  be  r e f r e s h e d  by c lo s ing  t h e  flow passage  t o  t he  bypass 
l i n e  and t o  WES, s e t t i n g  t h e  au toma t i c  t imer  t o  a d e s i r e d  l e n g t h  of t ime,  
u s u a l l y  30 min o r  1 h r ,  and then  opening t h e  i n f low l i n e  from t h e  c i t y  supply .  
During exper iments ,  t h e  f low line from t h e  c i t y  supply  t o  t he  
s o f t e n e r  shou ld  be  c lo sed  and the  bypass  l i n e  through the s o f t e n e r  b e  openo 
Although t h e  degree of  hardness  of t h e  water  i n  WES need n o t  b e  t e s t e d  f o r  
eve ry  exper iment ,  i t  should  b e  t e s t e d  once a day du r ing  exper iments ,  The 
w a t e r  ha rdnes s  test i s  r a t h e r  simple: 
ls 	Measure 400 mR of wa te r  from t h e  s t o r a g e  tank i n t o  a s c a l e d  t e s t  
tube .  
2, 	T r a n s f e r  t h e  100 mQ sample i n t o  a beaker.  
3. 	 Add. 1-2 mR hardness  b u f f e r o  
4. 	 Add a s p o o n f u l l  of hardness  i n d i c a t o r .  
5. 	 I f  t h e  c o l o r  of t h e  s o l u t i o n  i s  b l u e ,  wa te r  i s  s o f t .  I f  t h e  co lo r  

i s  r e d ,  t i t r a t e  the  sample. 

Using EDTA t i t r a t e ,  f i l l  b u r e t e e  wi th  t i t r a t e .  

7. 	 Mu l t i p ly  t h e  number of  mR of t i t r a t e  used t o  t i t a r a t e  sample (red t o  
b l u e  endpoin t )  by 10  t o  g e t  t h e  amount of  t o t a l  ha rdnes s  i n  mg/R .  For 
example, t h e  s o f t e n e d  wa te r  may need 0 . 1  rnR t i t ra te  and hence t h e  t o t a l  
ha rdnes s  i s  0.1 x 10 = 1 mg/R whereas t h e  t a p  wa te r  may need 1 2  mR 
t i t r a t e  and t h e  t o t a l  hardness  i s  120 mg/R. 
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(B)  C lean ing  F i l t e r s  
There  a r e  f o u r  f i l t e r s  which shou ld  b e  c l eaned  p e r i o d i c a l l y .  The 
s c r e en  a t  each  one of the two 6-1/2 i n .  o u t l e t s  of  t h e  s t o r a g e  t ank  i s  
c leaned  s imp ly  by l oosen ing  t h e  s i d e  screws and l i f t i n g  t h e  s c r e e n  frame 
up and washing i t  c l ean .  
Both t h e  s t r a i n e r  and t h e  main f i l t e r  -of t h e  r e c i r c u l a t i o n  p i p e l i n e  
sys tem have  baske t - type  f i l t e r .  They a r e  c leaned  by removing t h e  b o l t s  of  
t h e  f l a n g e s  and t a k i ng  t h e  b a ske t  o u t  and washing i t  c l ean .  Sediment i n s i d e  
t h e  s t r a i n e r  and a t  t h e  bot tom of  t h e  ma in l i ne  f i l t e r  should  a l s o  be c l e a r ed .  
A f t e r  c l e a n i n g ,  be  s u r e  t h e  b a s k e t s  a r e  p rope r ly  s e a t e d  when r e i n s t a l l e d .  
Cleaning of  t h e  s t r a i n e r  r e q u i r e s  repr iming  wi th  w a t e r  of t h e  p i p e l i n e .  Th i s  
c l ean ing  i s  done when a n o t i c e a b l e  p r e s s u r e  drop is  observed i n  t h e  r e c i r c u l a -  
t i o n  p i p e l i n e .  A s  d i s cu s s ed  i n  Sec. V - 4 ,  t h e  main f i l t e r  and t h e  s t r a i n e r  
a r e  de s igned  t o  ope r a t e  up t o  50% clogged.  
The Aqua-Pure f i l t e r  i n  t h e  bypass  l i n e  i s  a c a r t r i d g e  type  f i l t e r .  
The c a r t r i d g e  should  b e  changed every 200 h r  of u s e  o r  when clogged.  
(C) Clean ing  Cap i l l a r y  Tubings 
Desp i t e  a l l  t h e  p r e c au t i on s  made, a f t e r  a l ong  time of  use ' c logging  
of  t h e  0.023-in.  I . D .  po lye thy l ene  t ub i ng s  of t h e  r a ind rop  producers  i s  
unavoidable .  To ensu re  p rope r  f u n c t i o n i n g  of t h e  r a ind rop  p roduce r s ,  t h e  
t ub ings  need  t o  b e  c leaned  once a week even i f  no obvious c logg ing  i s  
observed .  The c l ean ing  procedure  i s  t o  set  t h e  modules r a i n i n g  a t  t h e i r  
p o s s i b l e  maximum i n t e n s i t y .  Then a pe r son  ho ld ing  a 2-ft wide f l o o r  sweep 
b rush  a t  a n  upside-down p o s i t i o n  b rushes  through t h e  t ub ings  over the bottom 
of t h e  r a i nd r op  producers .  The d i r t y  wa t e r  should  n o t  be  d r a i n ed  i n t o  t h e  
s t o r a g e  t a nk .  
I f  t h e  t ub ings  cannot  b e  e l em e d  by b rush ing ,  which occurs  a f t e r  
a l ong  t i m e  oE n o t  u s ing  t h e  r a ind rop  producers ,  t h e  c l ean ing  can b e  done 
p a i n s t a k i n g l y  u s i ng  a  need l e  t o  c l ean  t h e  tub ings  one by one. 
During and after each c l e an i ng ,  t h e  c ond i t i on  of t h e  t ub ings  
should b e  i n s p e c t ed .  They should  b e  pushed o r  p u l l e d  t o  p rope r  p o s i t i o n  
when n e c e s s a r y .  I f  t h e  t ub i ng s  are damaged they shou ld  be r e p l a c ed  by 
p u l l i n g  t h e  damaged one ou t  and i n s e r t i n g  a good one. 
(D)  Checking t h e  Level ing and Leakage o f  Raindrop Producers  
Bs d i s cu s s ed  i n  Sec ,  IV-2, t h e  un i fo rmi ty  of  a r e a l  d i s t r i b u t i o n  
of  r a i n f a l l  from each r a ind rop  producer  depends on i t s  l e v e l i n g ,  Hence, 
the  l e v e l i n g  of t h e  r a ind rop  producers  should  b e  checked p e r i o d i c a l l y .  
Adjustment should  b e  made when neces sa ry  by t u rn ing  t h e  buck l e s  ho ld ing  
t h e  p l a s t i c  s t r i p s .  
The r a ind rop  producers  should  a l s o  be checked f o r  damages and 
leakage .  Approp r i a t e  remedies shou ld  be  made i f  damages o r  l e akages  a r e  
found. 
(E) Cleaning Raindrop Producers  and EDVA' s 
The r a i nd r op  producers  and EDVA'S should  b e  c leaned  when undesir-  
a b l e  f o r e ign  m a t e r i a l  i s  p r e s e n t .  The r a ind rop  producer  can b e  c leaned by 
opening t h e  5-1/2 i n .  c i r c u l a r  top  p l a t e  and f i l l i n g  c l e an  wa t e r  con t inuous ly  
i n t o  the box, p r e f e r a b l y  w i t h  a  wa t e r  j e t .  A 114-in.  t ub ing  connected t o  a 
s u c t i o n  pump i s  i n s e r t e d  i n t o  t h e  box t o  remove t h e  wa te r  t o g e t h e r  wi th  t h e  
f o r e i g n  material. 
The t op  r e s e r v o i r  of t h e  EDVA can e a s i l y  b e  c leaned  by removing 
t h e  aluminum top  p l a t e .  Usua l ly  t h e  f o r e i g n  ma t e r i a l  i s  t h e  ha rdnes s  
d e p o s i t i o n  and can b e  removed by a  b rush  o r  sand paper .  Care should  be  t aken  
n o t  t o  damage t h e  De r l i n  t u b i ng s .  To c l e an  t h e  lower  (upstream) r e s e r v o i r  
of t h e  EDVA, u s u a l l y  t h e  u n i t  is removed from i t s  support. 
(F) Checking Solenoid  Valve Sp r ings  
A f t e r  prolonged use t h e  s o l eno i d  v a l v e  s p r i n g s  may develop f a t i g u e  
and deformat ion .  A malfunct ioni i lg  s p r i n g  can e a s i l y  be  d e t e c t e d  from im -
p r ope r  behav io r  of t h e  r a i n f a l l  module i t  con t r o l s .  The damaged s p r i n g  can  
be  r e p l a c e d  by opening t h e  valve and removing the s p r i n g  from t h e  core and 
r e p l a c i n g  i t  w i t h  a good one. Care should  b e  t aken  n o t  t o  damage the  c o r e .  
Do n o t  f o r c e  t i e  t h e  1/4-in. end n u t  which would cause  deformat ion  of  t h e  
hous ing  f o r  t h e  sp r ing -co re ,  
(G)  C lean ing  S to rage  Tank 
The wa te r  i n  WES, a s  w e l l  a s  t h e  s t o r a g e  t ank ,  even c l e an ,  shou ld  
b e  changed w i t h  so f t ened  water about  once a month o r  more o f t e n  i f  nec-
e s s a r y .  The s i d e  w a l l s  an3 bottorn of t h e  tank should  b e  brushed  and mopped 
and t h e  d i r t y  water pumped ou t .  The rubbe r i zed  h a i r  wave damper should 
also b e  c l eaned  e i t h e r  w i t h  a water j e t  o r  removed, washed, and r e i n s t a l l e d .  
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When t h e  t a n k  i s  d ra ined ,  i n s p e c t i o n  should  be  made on sonar depth sensors,  
CDFS ancho r s ,  t ank  o u t l e t s ,  and o t h e r  equipment i n s t a l l e d  i n  t h e  tank ,  
p a r t i c u l a r l y  t h e  cond i t i on  of t h e  s u r f a c e s  of t h e  P iezoceramic  and the 45" 
r e f l e c t o r  o f  t h e  s ona r s .  
O f  cou r se ,  i n  a d d i t i o n  t o  t h e  above i t e m s ,  i n s p e c t i o n  and r e p a i r  
of leakage of any p i p e l i n e ,  t u b i ng s ,  and f i t t i n g s  shou ld  b e  performed 
r e g u l a r l y ,  
IX. RESEARCH CAPABILITIES 

As mentioned p r ev i ou s l y ,  t h e  main ob j e c t i v e  of  c on s t r u c t i ng  the 
WES is  t o  p rov ide  a r e l i a b l e  l a b o r a t o r y  equipment t o  s t udy  under  c o n t r o l l e d  
c ond i t i on s  the e f f e c t s  of v a r i ou s  major hydrometeorologic  and phys iographic  
? a c t o r s  on wate rshed  r uno f f s .  Methods by u s ing  the WES t o  c o n t r o l  these 
f a c t o r s  i ndependen t ly  a r e  e l a b o r a t e d  as fo l l ows : 
The phys iog raph i c  f a c t o r s  t h a t  can b e  s t u d i e d  by u s i ng  WES are 
t h e  shape ,  s i z e ,  s l o p e ,  d r a i n age  p a t t e r n ,  and s u r f a c e  roughness of water-
sheds .  There  are two methods t o  c o n t r o l  t h e  shape  and s i z e  of wate rsheds  
i n  WES. The f i r s t  i s  a c t u a l l y  c o n s t r u c t i n g  a p h y s i c a l  boundary w i t h i n  t h e  
40-ft  s qua r e  l a b o r a t o r y  b a s i n .  The second method i s  t o  command on ly  t h e  
r a i n f a l l  modules cor responding  t o  t h e  d e s i r e d  shape  and/or  s i z e  of t h e  
wa te r shed  t o  produce r a i n f a l l .  Th is  second method i s  cheaper  and s impler  
t han  t h e  f i r s t  method b u t  i t  p rov ides  on ly  approximately a 4- f t  s t epwi se  
change i n  shape  and s i z e ,  and i t  i s  'not  a p p l i c a b l e  i f  t h e  flow i n  the  
b a s i n  ,w i t hou t  an a c t u a l  p h y s i c a l  boundary would ex tend  beyond the boundary 
of t h e  d e s i r e d  wate rshed  such  as t h e  case of an i n v e r t e d  t r i a n g u l a r  watershed 
w i t h  i t s  apex as t h e  o u t l e t .  The f i r s t  method i s  r e l a t i v e l y  more t ime 
consuming and expensive b u t  p rov ides  a cont inuous smooth boundary i f  re-
qui red .  
The d ra inage  p a t t e r n  of  wate rsheds  can be imposed upon the ba s i n  
surface. This i s  done by gluing o r  f a s t e n i n g  of p a r t i t i o n  b a r s ,  r ods ,  o r  
molded p a t t e r n s  t o  t h e  b a s i c  b a s i n  s u r f a c e .  D e f i n i t e  channels  can also b e  
formed by s e p a r a t i n g  t h e  over land  p a r t  p h y s i c a l l y  from t h e  channel p a r t .  
Thus, p a t t e r n s  of over land  and channel combinations t og e t h e r  with their 
s t o r a g e  e f f e c t s  can b e  i n v e s t i g a t e d .  S t ud i e s  on one t yp e  of over land  flow-
channel f l ow  combination have been made by Harbaugh (1966), Harbaugh and 
Chow (1967) , Rao (1968) , and Ben-Zvi (1970). 
The e f f e c t s  due t o  t h e  s l o p e  of  wate rsheds  can be  s t u d i e d  by vary-  
i ng  the l o n g i t u d i n a l  s l o p e  S x up t o  6% and l a t e r a l  s l o p e  SY up t o  2% as 
d i s cu s s ed  i n  Sec. IV -1 .  T h e o r e t i c a l l y ,  a  p roper  combination of Sx and SY 
f o r  e ach  p a r t  o f  t h e  - suppor t ing  s u b s t r u c t u r e s  p rov ides  un l im i t e d  p o s s i b i l -  
i t i e s  of  wate rshed  s l ope s  which need n o t  be uniform. However, i n  p r a c t i c e  
because  o f  t h e  d i f f i c u l t i e s  i nvo lved  i n  a d j u s t i n g  S  , i n  most o f  the expe r i -
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ments performed S was kept  a t  1%whi l e  S v a r i e d  from 0.5% t o  3% (Harbaugh,
Y X 
1966; Marcus, 1968; Rao, 1968; Ben-Zvi, 1970; Shen, Yen and Chow, 1974) .  A 
l a t e r  mod i f i c a t i on  w i t h  a d e f i n i t e  channel  ha s  made p o s s i b l e  independent  
ad ju s tmen t s  f o r  bo t h  S and S . 
X Y 
As  mentioned i n  Sec. I V - 1 ,  t h e  s u r f a c e  roughness  of wate rsheds  
can b e  changed by e i t h e r  changing t h e  s u r f a c e  r e s t i n g  on t h e  s u b s t r u c t u r e ,  
a s  f o r  t h e  c a s e s  o f  masoni te  and aluminum s u r f  aces  t e s t e d ,  o r  by f a s t e n i n g  
a  d e s i r e d  roughness on t h e  alumirlum s u r f  ace.  The added roughness  can be  
ny lon  s c r e e n ,  p l a s t i c  o r  me t a l  g r i d s ,  c a s t - conc re t e  s u r f a c e ,  a r t i f i c i a l  
g r a s s  o r  t u r f ,  outdoor  c a r p e t ,  foam rubber ,  e t c .  
The most s i g n i f i c a n t  f e a t u r e  of  WES i s  i t s  c a p a b i l i t y  t o  produce 
r a i n f a l l s  w i t h  d i f f e r e n t  temporal  and a r e a l  d i s t r i b u t i o n s  . Thi s  i s  ach ieved  
by c o n t r o l l i n g  t h e  i n t e n s i t y  and du r a t i on  of each of  t h e  100 r a i n f a l l  modules 
i ndependen t ly .  To s tudy  t h e  e f f e c t s  of  s t a t i o n a r y  uniform i n t e n s i t y  r a i n f a l l  
of v a r i o u s  d u r a t i o n s ,  t he  r a i n f a l l  modules are commanded t o  o p e r a t e  a t  t h e  
same r e q u i r e d  i n t e n s i t y  and d u r a t i o n .  Typ ica l  examples of s t a t i o n a r y  un i form 
i n t e n s i t y  r a i n s t o rm  experiments  can be  found i n  t h e  work done by Harbaugh 
(19661, Rao (1968) ,  Ben-Zvi (1970),  and Shen, Yen and Chow (1974) .  
To s t udy  t h e  e f f e c t s  of  a r e a l  d i s t r i b u t i o n  of r a i n f a l l ,  i . e . ,  
s t a t i o n a r y  r a i n s  t o m s  of nonunif o m  i n t e n s i t y  d i s t r i b u t i o n  o v e r  t h e  wa te r shed ,  
d i f f e r e n t  i n t e n s i t i e s  a s  d e s i r e d ,  The i n t e n s i t y  d i s t r i b u t i o n  c a  be of  
P i n e a r  o r  n o n l i n e a r  v a r i a t i o n s  a c r o s s  t h e  wate rshed  i n  any d i r e c t f o n  o r  i t  
can be  of a c losed-contour  t ype  w i t h  a peak of maximum i n t e n s i t y  surrounded 
by d e c r e a s i ng  i n t e n s i t i e s  away from the peak, O f  cou r se ,  t h e  d i s t r i b u t i o n  
i s  s u b j e c t  t o  a 4 - f t  s t epwi se  change i n s t e a d  of  a cont inuous v a r i a t i o n .  
To s t udy  t h e  e f f e c t s  of both  temporal  and a r e a l  v a r i a t i o n s  of 
r a i n f a l l ,  i . e . ,  t h e  ca se  of moving r a in s to rm,  the r a i n f a l l  modules a r e  p ro -
g r am e d  t o  o p e r a t e  w i t h  a pp rop r i a t e  i n t e n s i t i e s  and du r a t i on s  o f  r a i n f a l l  
f o r  each module. The d i r e c t i o n  of  movement of t h e  r a i n s t o m  can be towards 
upstream, downstream, l a t e r a l l y ,  d i a gona l l y ,  o r  i n  any other p a t tern.  The 
v e l o c i t y  o f  t h e  movement can b e  uniform o r  nonuniform, and i s  e q u a l  t o  4 / t  
where t is  t h e  t i m e  i n t e r v a l  t o  p r og r e s s  from one module t o  t h e  nex t .  The 
moving r a i n s t o rm  can b e  of  c on s t an t  r a i n f a l l  i n t e n s i t y  as i n v e s t i g a t e d  by 
Marcus (9968$,  Yen and Chow (1959) and Shen, Yen and Chow ( 1 9 7 4 )  o r  w i t h  
intensities s f  l i n e a r  o r  non l i n e a r  v a r i a t i o n s *  
The expe r imen ta l  d a t a  p rov ided  by WES w i l l  b e  ex t remely  u s e f u l  
i n  v e r i f i c a t i o n  o f  v a r i ou s  mathemat ica l  watershed hydrodynamic models and 
t o  p r ov i d e  i n fo rma t ion  i n  developing a p r a c t i c a l  method t o  p r e d i c t  proto- 
type wa te r shed  runof f  ; such a s  i t  h a s  been done by Chow and Ben-Zvi (1973) . 
The d a t a  w i l l  a l s o  b e  v a l u ab l e  i n  s t udy i ng  v a r i ou s  wate rshed  hyd ro log i c  
p r i n c i p l e s  such  as the non l i n e a r  c h a r a c t e r i s  t ics  of wa te r sheds ,  the p a r t i a l  
c o n t r i b u t i o n  of  wate rsheds  on r u n o f f ,  t h e  v a l i d i t y  of unit-hydrogsaph theory, 
and the r a t i o n a l  formula and v a r i ou s  o t h e r  lumped and d i s t r i b u t e d  systems 
models. 
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where b i s  t h e  t h i cknes s  and E and r~ a r e  r e s p e c t i v e l y  t h e  Young's modulus 
and P o s s i o nB s  r a t i o  o f  t h e  p l a t e D  
Fo r  a fixed-edge s qua r e  p l a t e ,  L = L = L. Equat ions  A- l  t o  A-4 
X Y 

mnx 
COS -2 mn
cosh -+ 
rnr 2
cosh -2 
1 mn mn 1 
- [? + t anh  -(7+ cm)] c0shBmI 
m 2m 

where 
and e = C '  with (Timoshenko and Kr i ege r ,  1959)
rn rn 
The change of volume of the  r a ind rop  producer  due  t o  d e f l e c t i o n  of 
each p l a t e  i s  
I n t e g r a t i o n  of Eq .  A-9 w i th  6 g iven  by Eq .  A-6 yields 
With the values of cm given  i n  E q ,  A-8, the change of volume due t o  de foma-
t i o n  of a fixed edge p l a t e  from Eq .  A-10, i s  
(A- E l )  
For p l e x i g l a s s ,  E = 4 x 105 p s i ,  n = 0 . 3 ,  and from E q .  A-5, 
3 6D = b 10 /21. Eence, Eq .  25 in Sec. IV-2 can b e  ob t a ined  from Eq .  A-11 as 
where p is in p s i  and L and b are both in inches. 
APPENDIX 2 

LIST OF PDS 1020 COMPUTER PROGRAMS FOR WES 

Name Purpose Inpalit Remarks 
Diagnos t ic  of 
maPf unct ion  
machine None; au tomat ic  
by t a p e  
Type o u t  "PDS 
B IfOK! . a .  . 
I020 
To check v a r i o u s  ope ra t ions  
of computer 
Manually through 
computer keyboard 
Type o u t  i n s  % r u c t i o n s  
and e r r o r s  
CHECK READ 
PUNCH 
d To check t h e  tape r e a d e r  
and punch performance 
None; automatic  
'by t a p e  
Type o u t  e r r o r s  and 
punch numbers t o  be 
checked 
A machine language u t i l i t y  
program, u t i l i z i n g  and 
modifying 'programs * i n  
machine language 
To u t i l i z e  and modify 
programs i n  symbolic '  
a s s  emb l y  language 
Program t ape  
Program t ape  
Machine language program; 
type  o u t  and punched t ape  
Symbolic assembly language 
program; type  o u t  and 
punched t ape  
Similar t o  
‘e4J;UP 
P 
Co 
ra 
UPDATE A t r a c e  r o u t i n e  
DUMP A d m p  r o u t i n e  
DUP A t a p e  d u p l i c a t i n g  
r o u t i n e  
Or ig ina l  t ape  Duplicated punched t ape  
IfANUAL TYPE To enab le  manual use of 
typewr i t e r  from type- 
writers keyboard 
Manually through 
typewr i t e r  
Type o u t  i n p u t  
TYPE-TAPE T o  enabPe m u l t i p l e  typing  
from typewr i t e r  keyboard 
Manually fhrough 
typewr i t e r  
Type ou t  and punched t ape  
a a 

a a 

d a 
d4-J 
(d 
0 !3 
z 
;5!
BOW 
G Fr: 
=d3
+-a03
a - 4
:53 
a,

bD 
k 
cd 
-5 
cll 
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a,
M m 
dCdk  
k d a ,  
The purpose of t h e  PUNCH-RAINSTORM, o r  OFF-LINE,program i s  t o  
p r e p a r e  from t h e  o p e r a t o r  keyboard e n t r i e s  o f  t h e  PDS LO20 computer an i n -
s t r u c t i o n  t a p e  of r a in s to rm p r o f i l e  as d e s i r e d .  The r e s u l t i n g  RAINSTORM 
PROFILE program t a p e  w i l l  b e  run by t h e  ON-LINE program i n  t h e  computer t o  
produce t h e  d e s i r e d  r a in s to rms  f o r  exper iments .  
The s t e p s  of  u s ing  t h e  PUNCH-RAINSTORM program t o  produce the 
RAINSTOEM PROFILE t a p e s  a r e  a s  fo l lows:  
1. 	 Turn on t h e  power supp ly  t o  t h e  computer, w a i t  f o r  1 min t o  warm-up 
t h e  machine and c l e a r  t h e  memories by pushing once the  r e d  swi tch  
under  t h e  desk n e a r  t h e  back a t  t h e  r i g h t  s i d e  of t h e  computer body; 
2. 	 Load the PUNCH-RAINSTORM program on t h e  t a p e  r eade r .  The PUNCH-
RAINSTORM program s u p p l i e d  by EAI  i s  marked a s  RAINFALL SIMULATOR: 
00-111 OFF LINE PROGRAM 4.0 ,  and i t  s t a r t s  w i t h  d a t a  on Module 01. 
This tape i s  used f o r  t h e  d e s c r i p t i o n s  that fo l low.  However, because  
of t h e  w i r i n g  arrangement (Fig.  8) , i t  is u s u a l l y  d e s i r a b l e  t o  s t a r t  
from Module 00 i n s t e a d .  The t a p e  RAINFALL SIMULATOR: 01-111 OFF 
LINE PROGRAM 5 - 0  was prepa red  f o r  t h i s  purpose  and i t  w i l l  be  d i s c u s s e d  
later. 

3. 	 Turn on t h e  t a p e  r e a d e r  power by dep re s s ing  i t s  ON b u t t o n  once. Then 
dep re s s  START swi tch  on t h e  computer keyboard t o  r e a d  t h e  program i n t o  
t h e  computer, 
4.  	 Remove t h e  PUNCH-It4INSTORM t a p e  from t h e  t a p e  r eade r  by pushing EJECT 
b u t t o n  and s ave  t h e  t a p e  f o r  f u t u r e  use. Turn of f  t h e  r e a d e r  u n l e s s  
more t a p e s  are t o  b e  r ead  s h o r t l y .  
5.  	 Push t h e  START bu t ton  once more t o  i n i t i a t e  o p e r a t i o n  of t h e  program. 
The memory l o c a t i o n s  which w i l l  h o l d  t h e  numbers of EDVA corresponding 
t o  t h e  100 modules (Heads) are set t o  zero.  Th i s  memory c l e a r i n g  
o p e r a t i o n  t a k e s  about  1mln. 
6 .  	 The computer now types o u t  t h e  message "HEAD NO. 1" which i n d i c a t e s  
t h a t  t h e  computer i s  c a l l i n g  f o r  t h e  e x a c t  i n fo rma t ion  f o r  r a i n f a l l  
module No. 1. The o p e r a t o r  may now depress  t h e  + key;  upon t h i s  t he  
number r e p r e s e n t i n g  t h e  f i r s t  t i m e  i n t e r v a l ,  01, w i l l  b e  typed out  
s o  t h a t  t h e  p r i n t  ou t  i s  
HEAD NO, 1 
81 
This  i n d i c a t e s  t h a t  t h e  computer i s  ready t o  accept from its keyboard 
t h e  i n fo rma t ion  on r a i n f a l l  i n t e n s i t y  f o r  t h e  f i r s t  t i m e  i n t e r v a l  f o r  
t h e  r a i n f a l l  module No. 1. The l eng th  of t h e  i n t e r v a l  i n  seconds w i l l  
b e  determined by t h e  ON-LINE program. 
7 .  	 The o p e r a t o r  now may e n t e r  through t h e  numeric i n p u t  keys of t h e  com-
p u t e r  a number of one, two, o r  t h r e e  d i g i t s  r e p r e s e n t i n g  t h e  i n t e n s i t y  
o f  r a i n f a l l  f o r  t h e  f i r s t  p e r i o d  f o r  module No. 1. ( I f  more than  
t h r e e  d i g i t s  a r e  e n t e r e d ,  on ly  t h e  l a s t  t h r e e  w i l l  be  cons idered  by 
t h e  computer.)  The one d i g i t  c a s e  i s  u s u a l l y  f o r  z e ro  i n t e n s i t y  by 
e n t e r i n g  a 0 .  The e n t e r e d  number r e p r e s e n t i n g  t h e  i n t e n s i t y  i s  
a c t u a l l y  t e n  t imes t h e  v a l u e  of t h e  combination o f  t h e  four  
s o l e n o i d  va lve -con t ro l l ed  f low passages  of d i s cha rge  r a t i o s  of 
approximate ly  1 : 2 : 4 : 8 .  For example, i f  t h e  i n t e n s i t y  i s  
cor responding  t o  t h e  combined f low r a t e s  of s o l e n o i d  va lve-cont ro l led  
. 
passages  2 and 4 ,  then  t h e  number 60 o r  060 will b e  e n t e r e d .  Af te r  
e n t e r i n g  t h i s  number and dep re s s ing  t h e  + key ,  t h e  p r i n t  o u t  w i l l  
r e a d  a s  fo l l ows :  
HEAD 	 NO. 1 
09 	06.8 02 
nuder 02 i n d i c a t e s  that t h e  computer is ready t o  accept  informa- 
t i o n  f o r  t h e  second i n t e r v a l  f o r  module No, 1, 
8, 	 The operator may now e n t e r  through t h e  keyboard, say  f o r  passages 4 
and 8, t h e  number 120, corresponding to t h e  i n t e n s i t y  f o r  t h e  second 
i n t e r v a l  and then again pushes t h e  9 key. The p r i n t  out  i s  now 
H W  	NO. I 
which means now informat ion  f o r  t h e  t h i r d  time i n t e r v a l  i s  ready t o  
0 
b e  accepted. 
9 .  	 Step  8 i s  repea ted  f o r  t h e  t h i r d  i n t e r v a l ,  s a y  zero i n t e n s i t y ,  by 

e n t e r i n g  0 and +. The procedure,  S t e p  8, i s  repea ted  far r a i n f a l l  

module No, 1 f o r  t h e  success ive  i n t e r v a l s  u n t i l  a l l  the requi red  

i n t e r v a l s  a r e  completed. For example, i f  t h e r e  are s i x  i n t e r v a l s ,  

t h e  p r i n t  o u t  may read 

HEAD 	 NO. 1 
The con t ro l  i s  then  t r a n s f e r r e d  t o  t h e  nex t  r a i n f a l l  module by de-
p r e s s i n g  Sense Switch N o .  3 and t h e  + key. The maximum number of 
t i m e  i n t e r v a l s  allowed is  32. If the maximum number of 32 i n t e r v a l s  
is used, a f ter  the 32nd en t ry  the c o m p u t e r  w i l l  au tomat ica l ly  command 
t h e  nex t  r a i n f a l l  module without  depressing Sense Switch No. 3, 
10. 	The computer now p r i n t s  out on a new l i n e  f o r  the next r a i n f a l l  module 
HEAD NO. 2. The ope ra to r  may now repeat S teps  6 t o  9 f o r  module No. 2 .  
11. 	 Repeat S t eps  6 t o  10 f o r  t h e  s u c c e s s i v e  r a i n f a l l  modules u n t i l  a l l  
t h e  100 modules o r  no more modules a r e  neces sa ry .  Thus t h e  o p e r a t o r  
may e n t e r  a maximum t o t a l  of 3200 va lues ,  
12. 	The computer h a s  now s t o r e d  a l l  t h e  r a in s to rm p r o f i l e  i n fo rma t ion  I n  
i t s  memory and i s  ready t o  b e  commanded t o  punch t h e  PAENSTORM PROFILE 
t a p e .  This  i s  a p rope r  t i m e  t o  check t h e  planned r a i n s t o m  p r o f i l e  
I 
a g a i n s t  t h e  one a c t u a l l y  loaded i n t o  t h e  computer and typed o u t ,  I f  I 
an e r r o r  i s  d e t e c t e d ,  p r e s s  Sense Switch No. 2 and t h e  + key,  fol lowed 
by t h e  module number, and t hen  e n t e r  t he  c o r r e c t  i n fo rma t ion  f o r  all 
t h e  r a i n f a l l  i n t e n s i t i e s  a t  t h i s  module, 
13.  	 A f t e r  checking t h e  c o r r e c t n e s s  of t h e  loaded r a i n s  t o r n  p r o f i l e ,  t h e  
t a p e  punch i s  a c t i v a t e d  by p r e s s i n g  i t s  ON b u t t o n ,  
14. 	The o p e r a t o r  may now p r e s s u r e  Sense Switch No. 4 fo l lowed by the  + 
key.  A f t e r  t h i s ,  t h e  computer t ypes  ou t  "ENTRICES/HEAD='s and is 
w a i t i n g  f o r  i n p u t  of a number 532 corresponding t o  t h e  number of t ime  
i n t e r v a l s  t o  be  punched f o r  each r a i n f a l l  module. 
The o p e r a t o r  e n t e r s  through t h e  numeric keys the l a r g e s t  number of 
i n t e r v a l s  used f o r  any of  the  modules,  fo l lowed by t h e  t- key, For  
t h e  example o f  6 i n t e r v a l s  g iven  i n  Step 9 ,  t h e  o p e r a t o r  shou ld  enter 
6 and t h e n  +. The p r i n t  ou t  message w i l l  b e  
ENTRIES/HEAD = 06 
MOO OF HEADS = 
The computer i s  now w a i t i n g  f o r  t h e  number of  t h e  las t  r a i n f a l l  module 
t o  be o p e r a t e d  i n  t h e  exper iment ,  The o p e r a t o r  e n t e r s  t h i s  number 
t h rough  t h e  numeric keys ,  
The computer i s  now ready  t o  punch o u t  t h e  RAINSTORM PROFILE on paper  
tape. The o p e r a t o r  pushes the 4-key on t h e  keyboard,  The computer 
types o u t  t h i s  + s i g n  and t h e  s t o r e d  r a ins to rm p r o f i l e  w i l l  be punched 
o u t  on paper t ape .  The o rde r  of t he  informat ion  punched i s  as  fo l lows :  
First t h e  va lue  of i n t e n s i t y ,  i . e . ,  t he  flow passages of EDVA, f o r  t h e  
f i r s t  t ime i n t e r v a l  of r a i n f a l l  module No, 1 i s  looked up from t h e  
computer memory, q u a n t i f i e d  i n t o  a fou r  binary b i t  number and punched 
on t h e  tape  toge the r  wi th  an a d d i t i o n a l  b i t  on t h e  f i f t h  column. This  
f i f t h  b i t  s e rves  a s  a code f o r  t he  ON-LINE program and a l s o  he lps  t o  
d i s t i n g u i s h  between "zero i n t e n s i t y f '  and "no information.  " The com- 
p u t e r  w i l l  then look up t h e  EDVA va lue  f o r  t h e  f i r s t  t ime i n t e r v a l  
of t h e  next  r a i n f a l l  module and punch i t .  This  procedure i s  con-
t inuous  f o r  t h e  f i r s t  i n t e r v a l  f o r  success ive  modules u n t i l  the  l a s  t 
module as  i n d i c a t e d  by NO. OF HEADS is completed. For those modules 
w i t h i n  t h e  range of FIRST and LAST POSITIONs t h a t  no i n t e n s i t y  d a t a  
have been en te red  f o r  t h i s  time i n t e r v a l ,  a zero i n t e n s i t y  i s  auto-
m a t i c a l l y  punched on t h e  tape .  The computer w i l l  then punch a 
s p e c i a l  MULTIPLEXER RESET code on t h e  s i x t h  column which w i l l  be 
i n t e r p r e t e d  by t h e  ON-LINE program as  t h e  end of informat ion  f o r  t h i s  
t ime i n t e r v a l .  The computer w i l l  now proceed t o  the second t i m e  
i n t e r v a l  s t a r t i n g  from t h e  f i r s t  module success ive ly  t o  t h e  l a s t  
module, followed by another  MULTIPLEXER RESET, and then  proceed t o  
the 	t h i r d  time i n t e r v a l .  This procedure i s  repea ted  u n t i l  a l l  t h e  
t ime i n t e r v a l s  given by ENTRIES/HEAD a r e  completed. A f t e r  a l l  t h e  
ra ins torm p r o f i l e  informat ion  i s  punched, t h e  computer w i l l  type o u t  
+ = 	END, - = MORE: 
18. 	 Now i f  t he  f key i s  depressed,  i t  i n d i c a t e s  t h a t  t h e  opera t ion  i s  
t o  b e  ended, a s p e c i a l  STOP code w i l l  be punched on t h e  seventh 
column of t he  tape, and then  t h e  computer w i l l  h a l t .  By pushing the  
FEED b u t t o n  t h e  t a p e  i s  r e t r i e v e d ,  Turn o f f  t h e  t a p e  punch by de- 
p r e s s i n g  i t s  ON b u t t o n  once more un l e s s  more t a p e  punching is soon 
t o  b e  executed .  
19.  	 I f ,  however, t h e  r a in s to rm h a s  more than  32 t ime  i n t e r v a l s  o r  ano ther  
r a i n s t o m  p r o f i l e  i s  t o  b e  e n t e r e d  and punched o u t  i n  s u c c e s s i o n  t o  
the p rev ious  r a i n s t o r m  p r o f i l e ,  do n o t  t u r n  o f f  t h e  power t o  t ape  
punch and t h e  - key shou ld  b e  depressed .  No STOP code w i l l  b e  
punched, b u t  t h e  computer w i l l  i n s t e a d  r e s e t  a l l  i t s  v a l u e  t a b l e s  
t o  ze ro  and t h e  o p e r a t o r  can t hen  r e p e a t  t h e  p r ev ious  s t e p s .  This 
i s  r e q u i r e d  when t h e  number of  t ime i n t e r v a l s  exceeds 32 f o r  which, 
a f t e r  t h e  f i r s t  32 i n t e r v a l s  have  been made, d e p r e s s i n g  t h e  ---.key 
e n a b l e s  t h e  o p e r a t o r  t o  e n t e r  i n fo rma t ion  f o r  a d d i t i o n a l  i n t e r v a l s  
b y  t r e a t i n g  t h e  33rd i n t e r v a l  a s  t h e  f i r s t  i n t e r v a l  of t h e  succes s ion  
r a i n s t o r m  and r e p e a t i n g  S t eps  5 t o  18. 
In p r e p a r i n g  RAINSTORM PROFILE program t a p e s ,  s p e c i a l  a t t e n t i o n  s h o u l d  
be pa id  on t h e  f i r s t  and l a s t  p o s i t i o n s  of  t h e  r a i n f a l l  modules i n  t h e  opera- 
t i o n  a s  d i s c u s s e d  i n  S tep  23 of Sec.  V I I I - 1 .  S ince  t h e  -order  of  t h e  computer 
command I s o. FIRST, FLOW swi t ches  , STEP, FLOW swi t ches  , STEP, e t c .  , f o r  t h e  
f i r s t  module i n  t h e  o p e r a t i n g  c y c l e  t o  b e  p rope r ly  commanded, t h e  FIRST 
POSITION d i a l e d  should  precede  t h e  f i r s t  module. However, a s  t h e  FIRST 
command c o n t a i n s  a SET command of its own causing t h e  module d i a l e d  on FIRST 
POSITION t o  r e c e i v e  t h e  i n t e n s i t y  cor responding  t o  t h e  p r eced ing  s e t t i n g  of 
FLOW s w i t c h e s .  Theref o r e ,  t h e  fo l l owing  p recau t ions  should  b e  fol lowed:  
( a )  I f  t h e  module d i a l e d  on FIRST POSITION is  supposed t o  have 
non-zero i n t e n s i t y ,  t h e  only way t o  ensu re  i t s  p rope r  o p e r a t i o n  i s  t o  d i a l  
t h e  p r eced ing  module on t h e  LAST POSITION and t o  have  a  RAINSTORM PROFILE 
t ape  c o n t a i n i n g  i n s t r u c t i o n  f o r  a l l  t h e  100 modules. 
(b) I f  t h e  module d i a l e d  on FIRST POSITION i s  supposed t o  have 
ze ro  i n t e n s i t y  t h e  preced ing  module should a l s o  have ze ro  i n t e n s i t y .  
( c )  I f  i t  i s  p r e f e r r e d  t o  have t h e  f i r s t  module n o t  t h e  Module 
No, 00, t h e  module number p r eced ing  t h a t  module shou ld  be d i a l e d  a s  FIRST 
POSITION. The i n t e n s i t i e s  typed  under  HEAD NO. 00 will b e  comanded  t o  
t h e  module succeeding  t h e  d i a l e d  FIRST POSITION. The i n t e n s i t i e s  typed 
under  HEAD NO. 0 1  w i l l  b e  comanded  t o  the nex t  module, e tc .  
Because of  t h i s  f i r s t  and l a s t  p o s i t i o n s  problem and t h e  system 
of numbering t h e  r a i n f a l l  modules s t a r t i n g  from 00 i n s t e a d  of 0 1  (Fig.  8) , 
a  mod i f i ed  PUNCH-RAINSTORM program from t h e  o r i g i n a l  E A I  v e r s i o n  w a s  made 
and consequent ly  some of t h e  o p e r a t i o n a l  s t e p s  were  changed accord ing ly :  
2. 	 Load t h e  modi f ied  PUNCH-RAINSTORM program (OFFLINE PROGRAM 5.0) 

i n s t e a d  of  t h e  EAI  v e r s i o n  on t h e  t a p e  r e a d e r .  

6 .  	 A f t e r  t h e  memory c l ean ing  o p e r a t i o n  (Step 5)  t h e  message 

HEAD NO. 00 

i s  typed ou t .  This  i n d i c a t e s  that t h e  computer i s  r eady  t o  accept 
f rom 	i t s  keyboard t h e  i n fo rma t ion  on r a i n f a l l  i n t e n s i t y  f o r  t h e  f i r s t  
t i m e  	i n t e r v a l  f o r  t h e  r a i n f a l l  module No. 00. The length of an 
i n t e r v a l  i n  seconds will b e  determined by the ON-LINE program. 
7 .  	 The o p e r a t o r  may now e n t e r  through t h e  numeric  i n p u t  keys  of t h e  
computer a number of  z e ro ,  one,  two, o r  t h r e e  d i g i t s  r e p r e s e n t i n g  
t h e  o p e r a t i o n  of t h e  f o u r  s o l e n o i d  va lves  of t h e  r a i n f a l l  module 
No. 00 f o r  t h e  f i r s t  t ime pe r iod .  The one -d ig i t  c a s e  i s  f o r  ze ro  
r a i n f a l l  i n t e n s i t y  by e n t e r i n g  a 0 f o r  no  opening of the fou r  s o l e -  
n o i d  va lves .  The z e r o - d i g i t  c a se  i s  a l s o  f o r  ze ro  i n t e n s i t y .  Other 
numbers t o  b e  e n t e r e d  r e p r e s e n t  t h e  combinat ions  of t h e  module' 
f o u r . s o l e n o i d  va lve -con t ro l l ed  f l ow  passages  of  d i s c h a r g e  r a t i o s  
1 : 2 : 4 : 8 .  A convenient  s e t  of numbers t o  r e p r e s e n t  t h e  16  p o s s i b l e  
v a l v e  combinat ions  ( i n c l u d i n g  z e r o )  of  an EDVA is  a s  fo l l ows  : 
Valve combination 0 1 2 3 4 5 6 7 
Number t o  b e  e n t e r e d  0 10 15  25 35 45 50 60 
Valve combination 8 9 10 11 1 2  13 1 4  15 
Number t o  be  e n t e r e d  70 75 85 95 105 115 120 150  
For example, i f  t h e  i n t e n s i t y  i s  corresponding t o  t h e  combined flow 
r a t e s  o f  s o l e n o i d  v a l v e - c o n t r o l l e d  passages  2 and do ,  then t h e  number 
50 w i l l  b e  en t e r ed .  A f t e r  e n t e r i n g  t h i s  number and dep re s s ing  t h e  + 
key,  t h e  p r i n t  ou t  w i l l  b e  as fo l lows:  
HEAD NO,  	 00 
The number 02 i n d i c a t e s  t h a t  t h e  computer i s  ready  t o  accep t  in format ion  
f o r  the second t ime i n t e r v a l  f o r  t he  r a i n f a l l  module No. 00. 
8 t o  19. 	The o p e r a t i o n s  a r e  t h e  same a s  b e f o r e  except  t h e  module number 
and i n t e n s i t y  va lves  should  b e  changed acco rd ing ly  and t h e  
t yped  o u t  s t a t emen t  "NO OF HEADS =" i s  changed t o  "LAST HEAD = ". 
I n  t h i s  example of  t h e  modi f ied  PUNCH-RAINSTORM program when t h e  re-
sulting USNSTORM PROFILE tape i s  run w i t h  t h e  ON-LINE program, t h e  f i r s t  pos i -  
t i o n  d i a l e d  on I C C  should  b e  99. However, i t  i s  always s a f e  and a d v i s a b l e  t o  
s e t  t h e  i n t e n s i t y  v a l u e  f o r  t h e  f i r s t  p e r i o d  f o r  a l l  the modules t o  0 t o  avoid 
t h e  confus ion  due t o  t h e  f i r s t  p o s i t i o n .  However, cor responding  adjustment  
on t ime as r e f e r r e d  t o  t h e  commencement of r a i n f a l l  shou ld  b e  made on t h e  
measurements. 
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The f ou r  Sense Switches  on t h e  c o n t r o l  p ane l  of t h e  computer a l l ow  
t h e  o p e r a t o r  t o  e x e r c i s e  c e r t a i n  op t i on s  which a r e  p a r t i c u l a r l y  u s e f u l  i n  
o p e r a t i n g  t h e  PUNCH-RAINSTORM program. These op t i on s ,  which a r e  executed 
by d ep r e s s i ng  t h e  a pp rop r i a t e  Sense Switch and then d ep r e s s i ng  t h e  + key 
fo l lowed by pushing t h e  Sense Switch t o  l i f t  i t  aga in ,  a r e :  
Switch 1. The computer w i l l  d e l e t e  t h e  l a s t  e n t r y  and a l l ow  i t  t o  b e  
e n t e r e d  aga in .  This  a l lows  c o r r e c t i o n  of an e r roneous  e n t r y  a f t e r  t h e  + key 
h a s  been dep re s sed ,  
Switch 2. The computer w i l l  a sk  f o r  a new module n m b e r  t o  b e  en t e r ed  from 
the keyboard.  It w i l l  t h en  a c c ep t  v a l u e s  f o r  t h i s  module. This allows 
changes t o  b e  made i n  a module f o r  which va lues  have  been p r ev i ou s l y  e n t e r e d ,  
and a l s o  sk ipp ing  modules w i t h  z e r o  i n t e n s i t y .  
Switch 3. The computer w i l l  s t o p  a c c ep t i ng  e n t e r i e s  f o r  t h e  p r e s en t  module 
and w i l l  go on t o  t h e  nex t  module i n  t u r n .  This  a l lows  t h e  o p e r a t o r  t o  make 
fewer  t han  32 e n t r i e s  ( i n t e r v a l s )  , f o r  any module. 
Switch 4. The computer will punch ou t  a RAINSTORM PROFILE tape  based on t h e  
EDVA s e t t i n g s  i n  memory a s  de sc r ibed  p rev ious ly  i n  S t ep  14. 
The ope r a t o r  should  make f am i l i a r  w i t h  himself t he  b e s t  uses of 
-t h e s e  Sense Switches.  &.or example, i f  an experiinent r equ i r e s  the operat ian  
of on ly  the  modules 80 t o  99 i n s t e a d  of t h e  e n t i r e  100 b l o ck ,  the  EDVA 
s e t t i n g s  can b e  s t a r t e d  from No. 80 by sk ipp ing  the f i r s t  79 modules, o r  
HEADS i n  t h e  program. This  i s  done by modifying S t ep  6 a f t e r  HEAD NO. 1 
( o r  HEAD NO. 00) i s  typed ou t .  A f t e r  t h i s  i s  typed  ou t  i n s t e a d  of pro-
ceeding t o  push t h e  + key and t h en  e n t e r i n g  t h e  i n t e n s i t y  number, o r  d i -
r e c t l y  e n t e r i n g  t h e  i n t e n s i t y  number f o r  t h e  new v e r s i o n ,  t h e  ope r a t o r  
should  f i r s t  depress  Sense Switch No. 2 t o  f o r c e  t h e  computer ready t o  
accep t  a new module number by typ ing  ou t  "ENTER HEAD NO. " He t h en  e n t e r s  
t h i s  new module number by pushing 80 on t h e  numeric keyboard fo l lowed 
immediately  by dep re s s ing  t h e  4-key a s  i n  S tep  6 .  A t  t h i s  t ime t h e  p r i n t  
ou t  w i l l .  b e  
WEAD NO, 80 
0 1  
The o p e r a t o r  i s  now ready t o  con t inue  on t o  Step 7 .  I n  t h i s  example, NO, OF 
HEADS = 99 i n  S t ep  16 and t h e  f i r s t  p o s i t i o n  d i a l e d  on I C C  should  be  79. 
Sense Switches 1 and 2 can b e  used f o r  making c o r r e c t i o n  of  e r r o r s  
i n  o p e r a t i n g  t h e  PUNCH-RAINSTORM program. For example, assume t h a t  a t  a 
c e r t a i n  s t a g e  o f  t h e  o p e r a t i o n  i t  i s  d i s cove red  t h a t  t h e  e n t r i e s  under  HEAD 
NO. 86 are e r roneous .  I f  t h e  Sense Switch No, 2 i s  dep re s sed ,  t h e  computer 
w i l l  a sk  f o r  a  new module number by t yp ing  ou t  "ENTER HEAD NO." I f  now 86 
and + keys  are depressed ,  a l l  t h e  p r ev ious  e n t r i e s  i n  HEAD NO. 86 w i l l  be  
e r a s ed  and  c o r r e c t  e n t r i e s  can then  b e  e n t e r ed  by f o l l ow ing  S t eps  7 t o  9 .  
I f  i n  Step 7 t h e  ope r a t o r  h a s  j u s t  en t e r ed  an i n c o r r e c t  v a l u e  of 
one t o  t h r e e  d i g i t s  r e p r e s e n t i n g  t h e  i n t e n s i t y  f o r  t h e  t ime  i n t e r v a l ,  say 
t h e  f o u r t h  i n t e r v a l ,  04,  of  t h e  c u r r e n t  r a i n f a l l  module, t h e  c o r r e c t i o n  
procedure  depends on whether  t h e  + key i s  a l r eady  depressed .  I f  t h e  + key 
i s  a l r e ady  depressed  s o  t h a t  t h e  i n t e n s i t y  va lue  f o r  t h e  c u r r e n t  i n t e r v a l  
(i.e .  04) a s  w e l l  as t h e  i n t e r v a l  number of t h e  nex t  i n t e r v a l  ( i .  e. 05) i s  
a l r e ady  p r i n t e d ,  t h e  ope r a t o r  should  dep re s s  Sense Switch No. 1 and t h e  + 
key t o  t y p e  o u t  ano the r  c u r r e n t  t ime i n t e r v a l  ( 0 4 ) .  Thi s  means t h a t  t h e  
p r ev ious  e r roneous  e n t r y  f o r  t h e  l a t e s t  t ime i n t e r v a l  ( 0 4 )  i s  e r a s e d  i n  t h e  
computer and a new c o r r e c t  v a l u e  can now be  en t e r ed  f o r  t h i s  i n t e r v a l .  
Succes s ive  dep re s s ing  of Sense Switch No. 1 fol lowed by t h e  + key w i l l  cance l  
t h e  l oaded  d a t a  f o r  t h e  s u c c e s s i v e  p r eced ing  t ime i n t e r v a l s  (03, 02 ,  e t c . ) .  
I f ,  however, imnediate1.y after the incorrect intensity value is 
e n t e r e d  t he  e r r o r  i s  d e t e c t e d  b e f o r e  the + key is depressed ,  the correction 
can be made by pushing the 0 key three times. The incorrect value is now 
f o rgo t t en  by t h e  computer and t h e  new c o r r e c t  digits and the + key can now 
be  d ep r e s s ed  s u c c e s s i v e l y  as i n  S t ep  7 i n  normal opera t ion .  
APPENDIX 4 

DESCRIPTION OF P D S  1020 PUNCHED TAPE 

The punched tape  used f o r  PDS 1020 e l e c t r o n i c  d i g i t a l  computer 
i s  1-in. wide paper tape  wi th  a continuous row of s m a l l  ho le s  l o c a t e d  a t  
0 .4 i n .  from t h e  l e f t  edge a l l  along t h e  tape .  These ho le s  are f o r  t h e  
purpose of d r i v i n g  t h e  tape .  
There a r e  o t h e r  b igger  ho le s  which r ep resen t  d e f i n i t e  messages. 
These b i g g e r  h o l e s  form t r a n s v e r s e  l i n e s  wi th  each l i n e  pass ing  through 
one of t h e  above mentioned sma l l  h o l e s .  Each l i n e  con ta ins  up t o  8 b ig  
h o l e s ,  spaced a t  0 . 1  i n .  c e n t e r s ,  s t a r t i n g  a t  0.15 i n .  from e i t h e r  edge 
of t h e  paper .  The sma l l  d r iv ing  h o l e s  a r e  loca ted  between the t h i r d  and 
f o u r t h  c o l u m s  of t h e  b i g  h o l e s ,  
The message i s  s t o r e d  as the  combination o f  b i g  ho le s  i n  each 
t r a n s v e r s e  line. For example, zero i s  represented  by a l i n e  conta in ing  
only a s i n g l e  b i g  ho le  i n  t h e  f i f t h  column. In  RAINSTORM PROFILE t apes ,  
a t r a n s v e r s e  line having one b i g  h o l e  i n  t h e  s i x t h  column r e p r e s e n t s  t h e  
end of a time i n t e r v a l ,  and i n  t h e  seventh  t h e  end of d a t a ,  Binary 
number may b e  s t o r e d  i n  two d i g i t s  of  4 b i t s  pe r  l i n e .  Decimal and alpha- 
numeric d a t a  a r e  s t o r e d  one d i g i t  p e r  l i n e .  
